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Electrospinning is a process by which polymer fibers can be produced using an
electrostatically driven fluid jet. Electrospun fibers can be produced at the micro- or nanoscale and are, therefore, very promising for air filtration applications. However, because
electrospun fibers are electrically charged, it is difficult to control the morphology of
filtration media. Fiber size, alignment and uniformity are very important factors that affect
filter performance. The focus of this project is to understand the relationship between filter

xviii

xix
morphology and performance and to develop new methods to create filtration media with
optimum morphology.
This study is divided into three focus areas: unimodal and bimodal microscale fibrous
media with aligned, orthogonal and random fiber orientations; unimodal and bimodal
nanoscale fibers in random orientations; bimodal micrometer and nanometer fiber media
with orthogonally aligned orientations. The results indicate that the most efficient filters,
which are those with the highest ratio of particle collection efficiency divided by pressure
drop, can be obtained through fabricating filters in orthogonal layers of aligned fibers with
two different fiber diameters. Moreover, our results show that increasing the number of
layers increases the performance of orthogonally layered fibers. Also, controlling fiber
spacing in orthogonally layered micrometer fiber media can be an alternative way to study
the filtration performance. Finally, such coatings presented throughout this research study
can be designed and placed up-stream, down-stream, and/or in between conventional
filters.

CHAPTER 1 Background and Introduction
1.1 Filtration
In general terms, using physical differences to separate one or more phases of materials
from another is called separation. These physical differences can be in size, density, or
electric charge. Two major branches of physical separation are filtration and
sedimentation. The density difference between the suspended particle and the suspending
fluid causes sedimentation. In other words, the force of gravity or centrifugal force can
cause separation by sedimentation. Filtration is one of the other physical techniques for
separation, which operates entirely on the particle size and particle shape. Filtration and
other forms of separation have been used for over 40 years in industry protocols.
Specifically, a filter is a device for separating one or more substances from the others,
which utilize physical differences in the phases. In order to trap the solid in a suspension, a
filter should be placed in the path of fluid flow. Filtration functions entirely based on
particle or droplet size, such that particles below a certain size will pass through the barrier
while the barrier captures larger ones. Therefore, one of the characteristics of the barrier is
the separating size. Selection of the appropriate filter types is based on mean particle size
and particle size distribution. Filters are chosen to maximize filtration efficiency, cost
effectiveness, and energy efficiency. Nowadays filtration is divided into four categories:
macro-filtration, for separating particles in the approximate range of 1 mm down to 5 µm;
1

microfiltration, for separating particles from 5 µm down to 0.1 µm; ultrafiltration, for
separating the finest distinct particles; and below ultrafiltration in term of particle size
nanofilteration appear [1].
1.1.1 Filtration business:
Many human activities and industries are affected by filtration. Filters are widely used in
kitchens, heating, ventilation and air conditioning (HVAC) systems, hospitals,
manufacturing industries, and mineral processing systems. Table 1.1 is a sector shares of
the 10 largest end-users for the year of 2007. There is an obvious need for a growing
filtration process. It is well understood that there is a high demand for continued studies of
filters and filtration performance [1, 2].
Table 1.1: Filter market share for the year of 2007 [2].
End-used sector
Market share (%)
Domestic, commercial and institutional
17.9
Transport equipment and systems
15.9
Fresh and wastewater treatment
10.3
Bulk chemicals
9.9
Food and beverage production
7.5
Fine chemical, pharmaceuticals and biochemicals
6.5
Power generation
6.3
Pulp and paper
5.1
Medical and health
4.8
Electrical and electronic materials and equipment
3.5

Most penetrated particle sizes are in the range of 100-500 nanometers. Filters with small
pore sizes can be good candidates to clean out these particle sizes. Many places, such as
hospitals, uranium mines, and nuclear industries require removal of airborne nanoscale
particles. High Efficiency Particulate Air filters (HEPA) and Ultra Low Penetration Air
2

filters (ULPA) are the most commonly used air filters for cleaning the air of these particle
sizes. Nanofibrous media are a suitable entrant to make HEPA and ULPA filters for
removal of the nanosized particles [3-5].
1.1.2 History of filtration media:
The development of air filters begins two thousand years ago when Roman mines and
industries recognized the dust problems caused by lead carbonate, a common cosmetic. For
centuries workmen covered their nose and mouth with cloth to protect themselves against
fumes. Leonardo da Vinci (1452-1518) wrote of the use of wet cloth for protection against
fumes in warfare. A book called “De Re metallica” were published by Georg Bauer in
1556, explained many kinds of mining problems and prescribed protection against dust.
Charcoal was used in 1854 in hospitals to purify water. In 1868, it was discovered that
coarse granules of charcoal were not able to filter out the fine airborne particles. This
discovery led to the use of fibrous materials as filters. In 1871, Oakum and glass wool
were used as filters. The first study on the principle of filtration by fibrous pad were done
in Germany by Albrecht and Kaufmann. In the nineteenth century, the first filtering mask
to protect firemen appeared. These filtering masks were also used to protect people against
disease. In 1905, respirators were successfully tested against bacteria in the form of
suspensions.
In World War I (1914-1918), gasmasks filters were made of a mixture of wool and
asbestos fibers. It was found that mixtures of asbestos, an extremely fine fiber, with wool
can be an excellent media for filtration. Also adding asbestos fibers to paper will result in
3

making effective paper filters. It was found that pleating the paper filter can increase the
efficiency due to increase in filter area in the same volume. In 1930, Hansen’s filters were
replaced by the asbestos fibrous mats. Handen’s filters were based on electric field, which
arose from resin particles. Further developments in resin filter types continue to be widely
used in industries.
High Efficiency Particulate Air filters (HEPA) were first developed as a standard during
World War II. Capturing radioactive particles and agents of chemical and biological
warfare was necessary at that time, which resulted in developing high efficiency filters.
Ultra Low Penetration Air filters (ULPA) were developed more recently and are
considered a newer filter media. Typically, HEPA and ULPA are filters with 99.97% and
99.999% efficiency for capturing the most penetrating particles (MPP), respectively. Most
penetrating particles have a diameter of 0.3 µm. Nowadays efficiency is no longer a
limiting factor, and improvements in new technology focus on prevention of leakage and
minimizing the pressure drop [6].
1.1.3 Fibrous filters:
In general terms, filters are nonwoven or woven fibrous media. The fibers can be produced
via different methods such as drawing [7], self-assembly [8], phase separation [9], template
synthesis [10], and electrospinning [11]. Each process will be described briefly.
The drawing process is similar to dry spinning for commercial fiber production. In this
method, a very high stress is induced to the visco-elastic material, which results in
producing a long single fiber. The disadvantage of this process is the limitation of raw
4

materials. The materials should have very strong visco-elastic properties, which exhibit
cohesion during the elongation.
In the self-assembly process, a defined structure will be made from assembly of its nanoscale components. The disadvantages of this process are that it is time consuming and
cannot produce continuous fiber.
The phase separation process makes very short nanofibers. In this process, the foam-like
products are extracted from a solution, which is made by dissolving a polymer into a
solvent, that is within the same or a different solvent. The solution should be in form of a
gelatin. This procedure is time consuming and it cannot be used for long fiber fabrication.
The template synthesize process fabricates nanoporous membranes to make nanofibers.
The nanoporous membrane is considered as a template by the desired polymer solution,
which synthesizes the formation of the fibers within its pores. This method is not effective
for mass production.
Electrospinning produces continuous fine fibers using electric charges, which are
produced on the surface of the polymer solution. Fibers can be fabricated from polymer
solutions or polymer melts.
Among these methods, the electrospinning process is popular method due to its low cost,
formation of continuous fibers using a simple setups. Also, the electrospinning method is
used to produce fibers from a large variety of bulk starting materials without additional
purification. The electrospun fibers possess properties which are not found in other fiber
making processes. They have high surface to volume ratios, high aspect ratios, controlled
5

pore sizes, and superior mechanical and optical properties. The ability to make fibers with
different diameter sizes, from nanometer to millimeter, is an additional feature that makes
electrospun fibers valuable [12].
1.2 Electrospinning:
Electrospinning, an electrohydrodynamical phenomena, is used to produce fibers in
nanometer and micrometer ranges from polymer solutions or melts. It is a low cost, easy
applicable process, which serves a broad range of materials.
The handiness of the electrospinning process to produce inexpensive fibers from many
kinds of polymers is a huge improvement in nano- or micro-scale technology. The
resultant fibers have diameters that range from 2 nm to several micrometers. This
technique offers a unique capability to produce novel structures with controllable pore
characteristics and mat morphology. This technique has been known for more than 60
years in the textile industry. Electrospinning got more attention in the last decade due to its
capability to spin a wide range of polymers and an ability to produce fibers consistently.
The nanofibers and fabrics can be used in many applications, such as drug delivery, tissue
engineering, artificial organs, reagents and catalysts, superhydrophobic materials, and
filtration technology [12-16].
Filtration technology is improved by using electrospun fibers as they have smaller pores
and a higher surface area than regular fibers. Also, producing nanofibers using this simple
technique offer several advantages, such as high surface to volume ratio, tunable porosity,
malleability to conform to a wide range of shapes, and ability to control the composition.
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With all the advantages with the electrospinning method and producing nanometer and
micrometer fibers, there are still challenges in using the electrospun mats for applications,
which requires additional considerations. One of these challenges is controlling the pore
size distribution, which will affect the non-uniformity of electrospun filter mats [17].
The following of this section is organized into four sub-sections. The first gives a review
on the history of electrospinning. The second provides a brief introduction to
electrospinning theory. The third discusses the principle related to the assembly of
electrospun fibers and strategies to control the structure and morphology of the products.
The fourth summarizes recent developments related to the alignment and controlling the
deposition of electrospun fibers.
1.2.1

Electrospinning history:

The formation of an electrostatically driven jet first occurred back in 1745 with Bose’s
patent [18]. The parameters of this process was explained later in 1882 by Lord Rayleigh.
The formation of the jet and relationship between the surface tension and surface charges
were describe in 1917 in Zeleny’s work [19]. These works can be considered as the
fundamental principle of electrospinning and electrospraying, whereas the actual process
of electrospinning and experimental setup date back to the 1930's, when Formhals patented
his work. It was the first attempt for developing an experimental process for producing
polymer filaments [16].
Formhals' first patent was on the electrospinning of cellulose acetate dissolved in acetone.
Two electrodes were used, one was place in the solution while the other was placed on the
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collector. Applying the electric field between two electrodes resulted in the formation of
polymer filaments. Figure 1.1 is the schematic of his setup. The process was named
electrostatic spinning, which today is known as electrospinning. The disadvantages of his
method was the difficulty of drying the collected fibers as well as the difficulty in
removing the fibers. Later on, in 1940, he patented another method, which was based on
moving the substrate [20]. The difficulty in removing the fibers for further application was
still a major drawback for his apparatus.

Figure 1.1: Schematic diagram of Formhals’ electrostatic spinning setup [16].
In 1952, uniform droplets 0.1mm in diameter were produced via a glass tube attached to a
capillary with a high voltage introduced. Three years later, Drozin used the same apparatus
to convert liquids into aerosols. He found that liquid type and setup conditions played an
important role to production of droplets with uniform size.
In the 1960s, Taylor studied the process of forming the polymer jet. He studied the
solution droplet before initiating the jet. He observed that by applying the electric field on
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the solution, a cone will form and the jet is ejected from the vertices of the cone. This cone
shape is called the "Taylor cone" [21, 22].
In 1966, Simons patented his setup for the production of non-woven fabrics, which
eliminated the disadvantage of the Formhals' setup. His apparatus used a smooth belt with
a negative electrode attached to it as a collection belt, which allowed easier removal of the
fibers. He also studied the relationship of solution viscosity and fiber characteristics.
Solutions with low viscosity tend to produce fine and shorter fibers while high viscosity
solutions will give continuous fibers [19].
In 1971, acrylic fibers were produced with diameters from 0.05 to 1.1 microns. Fibers of
polyethylene and polypropylene were spun from their melts and compared with the
solution spun fibers. Since the 1980s electrospinning has gotten more attention due to the
fabrication of nanofibers and nanoparticles. Figure 1.2 is another electrospinning setup
which has two traveling belts. One belt used as the polymer source and the other is as the
collector. The advantage of this setup was to collect a continuous layer of non-woven
electrospun fibers by placing a stripping plate at the end of the collection belt [23, 24]..

Figure 1.2: Schematic diagram of electrospinning setup with two traveling collector [23].
9

In 1982, the electrospinning setup was modified such that the fibers were collected on a
rotating drum [25]. Figure 1.3 is a schematic of electrospinning set up with a rotating drum
and several syringes in series. In 1987, the jet stability and some experimental conditions
were studied. Reneker and Doshi from Akron University studied different aspects of the
spinning process [26]. Many other polymers were also studied by other research groups.

Figure 1.3: Schematic diagram of electrospinning setup with a rotating drum [25].
Due to the high demand for nanotechnology, in recent years, over 200 universities and
research centers all over the world are studying the different aspects of this process. The
devices, such as Scanning Electron Microscope (SEM), Transmission Electron Microscope
(TEM), Wide Angle X-ray Diffraction (WAXRD), Atomic Force Microscope (AFM), and
etc., are used to characterize the electrospun nanofibers. Some companies such as the
Donaldson Company have been using the electrospinning process to fabricate their
products, e.g. air filters [17].
1.2.2 Electrospinning theory:
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Electrospinning is a process that involves an interaction between two forces: liquid surface
tension and repulsion of charged ions. In this process, the polymer solution or polymer
melt receives electrical charges. The charge is carried by ions through the fluid. The ions in
the liquid will cause a Coulomb repulsion force when they become charged. On the other
hand, the surface tension of the fluid favors a spherical shape with a smaller surface area. If
the repulsive force between the charged ions overcomes the fluid surface tension, an
electrified liquid jet may be formed and elongate [11].
An electrospinning solution is usually an ionic solution that contains charged ions or
molecules. The number of positive and negative charged particles is equal; therefore, the
solution is electrically neutral. By applying an electrical potential to the solution, the
electrons will move. The direction of these electrons depend on the electric potential. For
example, by applying a negative potential, the electrons from the electrical source will
move toward and create excess negative ions in the solution. The excess ions will cause
elongation in the liquid and form the fluid jet. Generally, the fiber formation from droplets
can be divided into three stages: the first stage is the jet initiation, the second stage is the
elongation, thinning and whipping instability of the jet, and the third stage is the jet
solidification [11, 27-29]. A description of these three stages follows.
1.2.2.1 Initiation of the jet:
Typically, the electrospinning solution is placed into a syringe or a capillary. There are two
electrodes in the electrospinning system where one is attached to the polymer solution and
one is applied to the collector target. By increasing the applied electrical potential to the
11

electrospinning solution, the ions in the solution aggregate around the electrode of opposite
polarity. The cumulative ions at the tip of the capillary will lead to a charge build up.
These excess charges at the surface of the solution droplet causes the fluid meniscus to
become conical from its original planar position. The surface tension of the polymer will
hold the solution at the end of capillary. When the electric field is increased, surface
tension can no longer balance the electric force at the tip. At this point, the jet will be
ejected from the vertices of this cone. The jet will travel until it gets collected at the nearest
collector with a lower electric potential. In 1969, Taylor determined that an angle of 49.3
degrees is needed to balance the surface tension and the electrostatic force. Later on the
exact Taylor angle were suggested. Figure 1.4 shows the picture of the Taylor cone and its
required angle [22, 30].

Figure 1.4: Formation of the Taylor cone [22, 30].
1.2.2.2 Elongation, thinning and whipping instability of the jet:
The jet will start bending, winding, spiraling and looping in three dimensions after two to
three centimeters of traveling. This is a result of an electrically driven instability caused by
the lateral position and lateral velocity of the jet.
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Typically, instability occurs during the formation of the jet. Many researchers have studied
jet instability. Taylor evaluated the critical voltage required for maximum instability of the
jet [21]. It is given as:
(1.1),
where H is the distance between the nozzle and collector, L is the length of capillary tube,
R is the radius of the tube, and γ is the liquid surface tension.
High speed photographs were taken to understand jet instability during its travel distance.
It is observed that the jet followed a series of loops in which the loops diameters get larger
and their circumferences increase. The jet becomes longer and thinner in each loop. The jet
segment develops a new instability on a smaller scale in each curved loop after it gets
smooth. These observations were made by different groups, including Reneker et al., Yarin
et al., and Rutledge et al., using high speed photography experiments. Whipping jet is the
term used for the bending instability of this rapidly moving jet. Figure 1.5 shows the
schematic diagram of bending instability. Due to this whipping periodicity, it would appear
that the jet splays into multiple jets when observing with the naked eye. This hypothesis
was rejected after characterizing the jet using high speed photography [29, 31-33].
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Figure 1.5: Schematic diagram of bending instability of the polymer jet during
electrospinning [30].
While the jet is traveling, the electric field inside the conductive fluid must be zero.
Therefore, the repulsive Coulomb force between the excess charged ions moves them
toward the surface. The repulsive forces between the jet segments will elongate the jet in
the direction of its axis [30].
In summary, the fluid instability such as Rayleigh instability, electric field induced
instability and whipping instability will occur in this stage. The first two instabilities are
axisymmetric to the jet centerline. The jet thinning and jet branching mainly occurs due to
whipping instability. The radial charge repulsion may cause the primary jet to split into
multiple jets.
1.2.2.3 Solidification of the jet:
As the jet moves toward the collector, it continue to expand by passing through the loops.
Jet solidification is based on the traveling distance of the fibers. The distance between the
collector and the capillary tip has a direct effect on the jet solidification and fiber diameter.
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If the nozzle-to-collector distance is long enough or the whipping instability is high, there
is more time for fibers to dry before being collected [22, 29]. In fact, there are many
parameters that influence the electrospinning process. In the next section these parameters
are explained in detail [26, 34].
1.2.3 Electrospinning principle:
In the electrospinning process, the polymer solution or melt is placed in a syringe, which is
located in an infusion pump. A high voltage power supply is connected to the needle of the
syringe as shown in the Figure 1.6. By applying the voltage, the solution will get charged.
At a certain threshold voltage, the repulsive force between the charged particles in the
solution will overcome the surface tension. Therefore, a Taylor cone will be formed. Then
the fluid jet is ejected out of the cone. Based on the molecular weight and viscosity of the
solution, electrospinning or electrospraying can occur.

Figure 1.6: Electrospinning setup.
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For example, if the viscosity of the solution is high enough, the breakup will not occur in
the jet, which results in electrospinning. For the case of low viscosity, various breakups
will occur, which results in droplets, and is called electrospraying. The jet will travel from
its initiation point to the collector. Further details on the effect of viscosities and charge
densities of polymer solutions on electrospinning were described by Hohmann et al. They
expressed a formula to describe the electrospinning process as a function of viscosity and
charge density of the solution [35].
The results of this process are based on the operating conditions. The distance between the
nozzle and the collector is varied between 5 and 30 cm. The internal diameter of the
capillary tip is usually 0.1 to 2 mm. The solution infusion rate and the applied potential are
normally from 0.1 to 100 µl/min and 5 to 20 kV, respectively. These are just some of the
typical operating conditions.
During the normal operation of electrospinning, the jet gets stretched on the way to the
collector. The jet can undergo a series of electrically induced bending instabilities, which
also can exhibit a whipping motion. The electrospun fibers are smaller than ones produced
via conventional techniques. The process can be carried out at room temperature, in heated
environments, or in vacuum chambers. The actual electrospinning setup used in this study
is shown in Figure 1.7.
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Figure 1.7: Actual electrospinning setup.
In general, fiber morphology can be controlled by manipulating electrospinning
parameters. These parameters can be classified into three categories: 1) solution
parameters, such as viscosity, surface tension, electrical conductivity, and solution
concentration, 2) governing parameters, such as electric potential, nozzle-to-collector
distance, and hydrostatic pressure in the syringe, and 3) ambient parameters, such as
temperature and humidity [36].

1.2.4 Recent developments:
Controlling the electrospinning process and parameters result in producing various
structures, such as: different cross-sectional shapes, beads, branches, buckling, zigzags,
and aligned fibers [30]. Nonwoven and randomly arranged electrospun fibers, which are
due to the whipping instability of the electrospinning jet, are the forms that usually are
collected with conventional electrospinning setups [17, 37]. In order to get other forms of
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fibers, additional efforts may needed. For instance, some studies are focused on controlling
fiber orientation, such as fiber alignment. Different procedures and determinations were
consider to produce aligned fibers, including bubble electrospinning, using a high speed
rotating drum, biased AC electrospinning, using a gap method, etc. [38-47]. A few
methods are shown in Figure 1.8.

Figure 1.8: Schematic diagram of A) Conventional electrospinning setup, B) High speed
rotated drum, C) AC electrospinning, D) Bubble electrospinning, E) Gap method, and F)
Modified electrospinning [38, 41, 44, 46].
In bubble electrospinning, the aligned nanofibers are made by producing bubbles at the
surface of the solution that has been placed in the reservoir. The high voltage is applied to
the solution and the jets form at the surface of the bubbles. The fibers are collected on a
single thin cylindrical metal electrode. In biased AC electrospinning, a combination of DC
and AC potential are used. The fiber instability is eliminated by using the AC potential.
The negative half cycle of the AC voltage will introduce a negative charge on the fiber,
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which will contrast with DC bias voltage. This results in highly aligned fibers. In this
method the frequency range for producing stable fibers is based on the polymer system.
When using a high speed rotating drum, the collector rotates at a high speed (1.8 m/s), and
fibers will align along the rotating axis due to their inertia. While using the gap method,
the alignment of the fibers will be achieved by manipulating the electric field. Two spilt
conductive copper plates are used to manipulate the electric field. In this study, the high
speed rotating drum and gap method are the two methods used to collect aligned fibers.
1.3 Filtration performance:
Many efforts are devoted to studying the performance of filtration media. In order to
evaluate filter performance, basic definitions for fiber diameter and length, fiber
orientation, thickness, solid volume fraction, and face velocity have to be explained. Other
scientific terms such as single fiber efficiency, mechanism of particle capturing, total fiber
efficiency, pressure drop, and figure of merit (FOM) are also explained in detail. The term
aerodynamic slip condition in fluid dynamics is described as well. The filter life time and
filter loading will be considered in this chapter.

1.3.1 Fiber characteristics:
1.3.1.1 Diameter and length:
The length and diameter of fibers will affect the filter performance. Thinner fibers will
remove MPP from the aerosol more efficiently. Therefore, filtration efficiency will
increase when using ultrafine fibers [48, 49]. The thicker fibers will contribute to the
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mechanical characteristics of the filters as well as help capture particles with inertial
impaction. In general, the fibers in a filter would not have the exact same size distribution.
The fiber diameter is usually given as a range, where the equivalent fiber diameter will be
calculated using equations. For the filters with two different fiber diameter (called bimodal
filters), several ways to evaluate the equivalent diameter were suggested, such as areaweighted average diameter by Brown and Thrope [50], volume-weighted resistivity model
by Clague and Phillips [51], and the cube root relation by Tafreshi et al. [52, 53]. These
equations are listed below:
(1.2),

(1.3),

(1.4).
In these equations,

,

,

, and

are the number fraction and radius of coarse and fine

fibers, respectively. These equations offer the best prediction for the filter with the number
fractions between 0 to 1 and solid volume fraction from 0.05 to 0.15. Also, the fiber
diameter ratio in the bimodal filter should be between 1 and 5 in order to be compatible
with these equations.
Some filters are made from short fibers, which results in filters with irregular structure.
This filters are suitable for use in capsules or other containers. When using filters in sheet
form, the fibers should have an ideal length, which requires longer fibers [49].
1.3.1.2 Orientation:
20

The orientation of fibers in a filter media has a great effect on the filtration performance.
Many previous studies were based on the simplified 2-D geometries of fibers placed in
square arrangement perpendicular to the air flow. To reduce the errors, which are
introduced to the model by such a simplifications, empirical correction factors were used.
Later on, some studies investigated the effect of fiber orientation on filter efficiency and
pressure drop. In general, the fibrous media can be classified in three major categories
based on their fibrous microstructures: unidirectional, random layered, and 3-D isotropic
structures. For unidirectional structures, all fibers are parallel to each other. Fibers are
randomly oriented in a parallel plane perpendicular to the air flow for random layered
structures. In 3-D isotropic structures, fibers are randomly oriented in any direction in
space. Also, the structure of fibers can be classified based on the orientation of them
relative to their plane direction, i.e. in-plane orientations and through-plane orientation.
There are some studies on influence of in-plane and through-plane orientation of fibers on
filter performance [54-57]. Banks et al. were the first to study the effect of through-plane
fiber orientation on filter performance using a single fiber model. The effect of in-plane
fiber orientation on filter performance based on the fiber diameter was studied by Fotovati
et al. It was predicted that for filters with a fiber diameter comparable with particle
diameters, decreasing the in-plane orientation of fibers will increase the performance of the
filter [57]. To our knowledge, none of these studies have been tested experimentally.
1.3.2 Filter characteristics:
1.3.2.1 Thickness:
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It is obvious that increasing the filter thickness will decrease the particle penetration and
increase the pressure drop. In a filter media, increasing the number of layers will increase
the probability of capturing particles. The penetration of particles through a filter can be
calculated based on the filter thickness using the following equation:
(1.5).
In the previous equation, P is the penetration, K is the filtration constant, and t is the filter
thickness [58, 59].
1.3.2.2 Solid Volume Fraction:
Solid volume fraction (SVF) is the ratio of the actual volume of solid fibers to the total
volume of the filter [48, 54]. It is also called the solidity of a filter (α). The following
equation is the expression for calculating the SVF:
(1.6).
In the previous equation, W is the basis mass, ρ is the fiber density, and t is the filter
thickness. SVF is an important parameter of the fibrous mats. For a filter mats, increasing
the SVF will result in increasing the filter efficiency and the resistance to the flow.
Commonly, SVF for air filters have ranged from 0.001 to 0.2.
Kuwabara hydrodynamic factor (Ku) is dependent only on SVF, which is related to the
individual streamline of a fiber. This factor deals with the flow around a fiber. It is given
by
(1.7).
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Ku is a dimensionless factor that includes the effect of distortion of flow field around a
fiber. The distortion of the flow is usually due to the closeness of an individual fiber to the
other fibers. For the cases where the fiber diameter are smaller than the mean free path of
the gas (

< λ), the effect of slip at the fiber surface must be included for calculating the

Ku. In such case, more complicated expressions should be used [60-62].
1.3.2.3 Face Velocity:
Face velocity (U) is the velocity of the flow when it enters the fibrous media. It can be
defined by following equation:
(1.8).
In the above equation, Q is the air volume and A is the filter face area. Particle capture
mechanisms are dependent on face velocity. Therefore, the efficiency of a fibrous mat is
proportional to the face velocity. The pressure drop over a filter mat is also proportional to
the face velocity [62, 63].
1.3.3 Aerosol:
Dispersing solid or liquid particles with a diameter ranging from 0.001 µm to 100 µm into
a gas medium described as an aerosol [64]. The particles can be from natural sources such
as soil, rock debris, sea salt, volcanic dust, and viruses, or from human activities such as
particles from transportation, industrial processes, and power generation [62]. Aerosols are
formed by one of these means: conversion of gases, disintegration of liquids or solids,
resuspension of powdered materials, or the break-up of agglomerates [49]. Table 1.2 lists
the several types of particulate suspensions. All the aerosols are two-component systems,
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which have special properties. Aerosol properties depend on the particle size and particle
concentrations in the suspending medium. Solid aerosol particles usually have complex
shapes, however in developmental theory the particles are considered to be spherical and
their shapes can usually be ignored. Therefore, particle diameter, which is considered as
the particle size, is one of the parameters in characterizing aerosols [62]. There are four
categories of particles based on their size: micrometer, submicrometer, ultrafine particles,
and nanoparticles. The micrometer particles are the ones with a diameter between 1 to 10
µm, submicrometer particles have a diameter smaller than 1 µm, ultrafine particles have a
diameter about 100 nm, and nanometer particles have a diameter less than 50 nm.
Aerosols are classified in different groups based on their particles sizes and shapes:
bioaerosol, cloud, fume, haze, dust, mist, fog, spray, and smoke. For example, dust refers
to the particles which are produced by disintegration of solid particles, smoke and fume are
smaller particles that form the gas phase, and mists are composed of liquid droplets.
Particles which are introduced directly to the atmosphere are called primary aerosol
whereas those formed in the atmosphere are called secondary aerosol. Aerosols with the
same particle size are called monodisperse whereas aerosols with a range of particle sizes
are called polydisperse aerosols. Monodisperse aerosols are made only in the laboratory
[49, 62, 65].
Aerosol concentrations can be measured based on their mass, called mass concentrations,
or their number of particles, called number concentrations. The most common type of
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measurement is number concentrations, which is the number of particles per unit volume
of aerosol. The common units for number concentrations is number/cm3 [62].
Table 1.2: Types of Particulate Suspension [62].
Type of Suspended Particles
Suspending
Medium
Gas
Liquid
Solid
Gas

―

Fog, Mist, Spray

Fume, Dust

Liquid

Foam

Emulsion

Suspension, Slurry

Solid

Sponge

Gel

Alloy

For aerosols consisting of a solid or liquid particles suspending in a gas phase, the gas
phase interacts directly with the particles and has a great effect on aerosol behavior. The
gas phase should be considered as a collection of molecules which rapidly move and
collide with the suspended particles. This is necessary to introduced two important gas
properties due to the varied interaction between the particle and surrounding gas. This two
characteristics are aerosol mean free path and Reynolds number, which are explained in
details.
1.3.3.1 Aerosol Mean Free Path:
In this case, the approach depends on the particle size relative to the spacing of the gas
molecules. The average distance that a gas molecule travels between each collision is
called the mean free path. This term can be used instead of the average spacing between
molecules. The mean free path of a gas can be defined by following equation:
(1.9).
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In the previous equation, dm is the collision diameter of a molecule and n is the number of
collisions. The distance between the centers of two molecules at the instant of the collision
is defined as the collision diameter. The mean free path of air at 1 atm and 20°C is 0.06
µm. The ratio of mean free path to particle radius is called the Knudsen number,

,

which is a dimensionless number [66].
1.3.3.2 Reynolds Number:
To understand the aerodynamic properties of aerosols, a dimensionless number, which
describes fluid flow around an obstacle can be used. This number is known as the
Reynolds number. It is the ratio of inertial forces to frictional forces acting on each element
of the fluid, which determines whether the flow is laminar or turbulent. The Reynolds
number can be expressed by the following equation:
(1.10).
In the previous equation, V is the relative velocity between the fluid and an object, d is the
characteristic linear dimension such as the diameter of an obstacle, η is the fluid viscosity,
and ρ is the fluid density. The Reynolds number depends only on relative velocity between
the gas and an obstacle. For Reynolds numbers smaller than unity (Re < 1), the viscous
forces are greater than inertial forces. This will result in laminar flow around a particle,
which is characterized by a smooth pattern of streamlines that are symmetrical on the
upstream and downstream sides of the obstacle. As the Reynolds number increases above
1, eddies will form at the downstream of the particle, which results in a turbulent flow.
Figure 1.9 a and b show a laminar flow around a sphere (Re < 1) and a turbulent flow
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around a sphere (Re > 10,000), respectively [62]. The 1 < Re < 10,000 is for the transition
region form laminar flow to turbulent flow.

Figure 1.9: Flow around a sphere a) Laminar flow (Re < 1), b) Turbulent Flow (Re >
10,000) [62].
1.3.3.3 Impurities in air:
Particles in the air are likely in range from 0.01 µm to 100 µm size. Even smaller particles
than 0.01 µm may be present in the air, such as; smallest particles of metallurgical
industries, fumes, and viruses. Typically, particles with the size range from 0.1 to 10 µm
are form the 90% of air impurities. Table 1.3 is the size range of typical contaminant in the
airborne. Particles with 40 to 70µm are visible to the naked eye, particle with 0.2 to 40 µm
can be seen with aid of conventional microscope. For atmospheric impurities, settling
velocity should be considered. The settling velocity for very small particles are low, which
make them permanently suspended in the fluid. In general, particles size of 1 µm and
smaller are considered permanently suspended in the immobile air. Whereas particles up to
10 µm in size are suspended in air with gentle movement. The larger particles, such as 100
µm in size, may be suspended in air with strong velocities i.e. 0.3 m/s [67].
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Table 1.3: Size range of typical contaminant [67].
Contaminant
Size Range (µm)
Contaminant
Viruses
0.003-0.05
Fog
Bacteria
0.3-30
Dry ash
Dust in building
0.01-20
Oil mist
Fumes
0.001-0.1
Welding fumes
Industrial gases
0.2-4
Cement dust
Lint
10-100
Carbon black
Metallurgical fumes and dust
0.001-100
Insecticide dust
Cupola dust
0.002-100
Ground talc
Smog
0.01-2
Pollen

Size Range (µm)
2-70
0.1-100
0.01-10
0.01-1
4-100
0.01-0.5
1-10
0.4-50
10-100

1.4 Filtration parameters
1.4.1 Single Fiber Efficiency:
Considering a single fiber, perpendicular to the air flow, is one of the basic means to
analyze fibrous filtration. At this level, the fibrous filtration is based on the influence of
parameters such as particle diameter (dp), particle velocity (U0), Solid volume fraction (α),
and fiber diameter (df). Single fiber theory will predict collection efficiency for the fibrous
structures [49, 68]. Single fiber efficiency is stated as a dimensionless particle deposition
rate on the unit length of fiber. The collection efficiency for a single fiber is defined as:
(1.11).
In the previous equation, df is the fiber diameter and Y is the distance between a trajectory
and the axis passing the fiber center. In other word, the ratio of the collected particles
compare to all particles that approach the projected area of the fiber is considered as the
single fiber efficiency [62, 69].
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1.4.2 Mechanisms of Particle Capture:
Particles in the air flow can be captured due to the different mechanisms. The next is a
brief introduction of some of the major capture mechanisms, such as inertial impaction,
direct interception, Brownian diffusion, gravitational settling, and electrostatic force.
1.4.2.1 Inertial Impaction:
The particles would not follow the streamline perfectly in some conditions, such as in
accelerated air flow, which can include convergence, divergence, or any sharp curvature of
the streamline. These particles are unable to change their path fast enough to adapt to the
change in streamline and therefore collide with the fibers and get captured [70].
The stopping time and distance for particles due to the inertial impaction are based on the
particle diameter. The inertial impaction is observed for particles with a diameter of 600nm
and above. The Stokes number, a dimensionless parameter which is the ratio between
particles' stoppage distance and fiber diameter, is the parameter that governs this
mechanism. In this condition, Stokes drag, over the particle and the particle mass should be
considered. The Stokes number (Stk) is represented by the following equation:
(1.12),
where ρ is the particle density, dp is the particle, df is fiber diameter, µ and v is air viscosity
and velocity, respectively, and Cc is particle concentrations [48, 71].
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Different formulas were suggested to calculate the single fiber efficiency due to the inertial
impaction (EI). Table 1.4 is giving some of the common equations for calculating the
single fiber efficiency due to inertial impaction, which depends on the Stokes numbers.
Figure 1.10 shows a single fiber collection by impaction.

Figure 1.10: Particle capture due to impaction.
Table 1.4: Single fiber efficiency due to the inertial impaction.
Investigator(s)
Regime/
Single Fiber Efficiency Due to
Inertial Impaction
Equation Number
Brown (1993)

High Stokes number/
(1.13)

Brown (1993)

Moderate Stokes number/
(1.14)

Stechkina et al. (1969)

Low Stokes number/
(1.15)

For low Stokes number, J is defined as:
(1.16),
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for R < 0.4. R is a dimensionless parameter,

, where dp is the particle diameter and

df is the fiber diameter. J is approximately 2.0 for R > 0.4 because there is no simple
equation for J when R is that high. Impaction is the most important mechanism for large
particles [49, 62].
As it was shown in the above equations, single fiber efficiency due to the impaction is a
function of Stokes number. Increasing stokes number results in increasing the single fiber
efficiency due to the greater particle inertia, greater particle velocity, or more unexpected
curvature of streamlines caused by smaller fiber size.
1.4.2.2 Brownian Diffusion:
Small particles have diffusion motion, which affect their capturing efficiency. At the
equilibrium condition, gas molecules have thermal energy. Suspended particles inside the
gas will reach equilibrium with the gas. The energy exchange between the particles and gas
molecules will cause the Brownian motion. The average kinetic energy for small particles
is higher than the large ones, therefore the average velocity for the small particles should
be greater than the large ones. Brownian motion is a kind of random motion, which may
lead to the collision of particles and also capturing particles close to the fibers. Brownian
motion and particle capture with Brownian diffusion is more effective for particles sized
from 50 nm to 200 nm. The single fiber efficiency due to diffusion, ED, is a function of the
Peclet number (Pe). Pe is a dimensionless number which is defined by following equation.
(1.17),
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where V is the air velocity and D is the particle diffusion coefficient [24]. D can be defined
with the following equation:
(1.18),
where kb is the Boltzmann constant, T is temperature, µ is air viscosity, and C c is the
Cunningham factor [56]. The Cunningham factor can be further defined as:
(1.19).
Single fiber efficiency increases as the Peclet number and the particle size decrease. The
single fiber efficiency due to the diffusion does not depends on Ku, therefore is not a
function of α. Table 1.5 gives some common expression for single fiber efficiency due to
Brownian diffusion. Figure 1.11 shows a single fiber collection by diffusion.

Figure 1.11: Particle capture due to Brownian diffusion.
Table 1.5: Single fiber efficiency due to the Brownian diffusion.
Investigator(s)/
Single Fiber Efficiency Due to Brownian Diffusion
Equation Number
Pich (1965)/

With Considering Aerodynamic Slip Effect:

(1.20)
Without Considering Aerodynamic Slip Effect:
Stechkina (1966)/
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(1.21)
Lee
and
(1982)/

Liu

(1.22)
Liu and
(1990)/

Rubow

(1.23)
Where:

1.4.2.3 Direct Interception:
When a particle in the gas streamline approaches a fiber within one particle radius, the
fiber captures it. In this case, particles are not under the influence of the other capture
modes. Interception capture is independent of the air viscosity and velocity, as the particles
do not move relative to the air. The particles are entirely in a passive mode. This capture
mode generally applies to the particles with a range size of minimum efficiency, such as
particles with diameters equal to 400nm. Figure 1.12 shows the trajectory of one such
particle that follows the gas streamline and intercepts with the fiber. The single fiber
efficiency due to direct interception, ER, is a function of Ku and a dimensionless parameter
(R), which is the ratio of particle diameter to the fiber diameter.
(1.24).
ER increases with increasing R. The limit for ER is the theoretical value of 1+R. For
particles with negligible inertia or Brownian motion, the collection mechanism is usually
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assumed to be pure interception [62]. These particles follow the streamline perfectly. Table
1.6 gives some common expressions for single fiber efficiency due to direct interception.

Figure 1.12: Particle capture due to direct interception.

Table 1.6: Single fiber efficiency due to the Direct Interception.
Investigator(s)/ Single Fiber Efficiency Due to Interception
Equation
Number
Pich (1966)/
(1.25)
Lee and Gieske
(1980)/ (1.26)

where:

Lee and Liu
(1982)/ (1.27)

Liu and Rubow
(1990)/ (1.28)

where:

In summary, capturing particles due to interception is because of the particle finite size.
There are certain streamlines, which result in particle capturing due to the particle size.
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Pure interception takes place when the particles follow the streamline perfectly with
negligible inertia or Brownian motion [62, 72].
1.4.2.4 Gravitational Settling:
Particle velocity has two terms, settling velocity and convective velocity. Settling velocity
is the influence of gravity on the particle and may result in particle capturing. Gravitational
settling depends on a dimensionless number (G) that controls the particle deposition. The
following equation is for calculating G:
(1.29).
In the above equation, U0 and VTS can be in the same direction or in opposite directions.
The single fiber efficiency for gravitational settling (EG) can be calculated using the
following equations:
(1.30),
(1.31).
Where equation 1.30 is when the U0 and VTS are in the same direction, and equation 1.31 is
when the U0 and VTS are in opposite directions.
The effect of gravitational settling depends on the airflow direction and particle size. For a
large particle and small U0, the EG has an effect in overall efficiency. For example
impaction is more important than settling when the U0 is greater than 10 cm/s. In general,
EG is not as effective as other capturing mechanisms [48, 62].
1.4.2.5 Electrostatic Force:
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This mechanism is based on the attractive force between charged fibers and particles.
Charged particles are attracted to oppositely charged fibers by Coulombic attraction. In the
cases of charged fibers, the electric field, which induces a dipole on the particles, will be
created. Therefore, the attraction force on the side of particle nearer to the fiber is slightly
greater than the repulsive force on its farther side. This will tend to cause the attraction of
particle to the fiber. Increasing the charge of particles or fibers will result in higher
capturing due to the electrostatic force. It is difficult to classify the electrical charge on the
particle and the fiber unless the particles or fibers have been charged in a quantifiable way.
Therefore, it is difficult to quantify this deposition mechanism [54, 55, 57, 62].

1.4.3 Filter Efficiency:
The total fiber efficiency for any kind of filter can be described by using the percentage of
penetration. In this case, the capturing efficiency is:
(1.32).
In the above equation, P is penetration of the particles through the filter. It is defined by the
following ratio:
(1.33).
In this ratio,
and

is the number concentration of particles leaving the filter (downstream)

is the number concentration of particles entering the filter (upstream). This is the

main method to calculate the filtration efficiency in the experimental work.
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However, calculating the efficiency of a filter as a whole unit is a complex process. But,
analyzing this process on an elementary level is one way to approach this problem.
Calculating the single fiber efficiency for each particle capturing mechanism would be an
accurate way to approach the total fiber efficiency.
Capturing particles using a single fiber is influenced by many parameters, such as dp, df,
U0, α, and etc. For example, for a filter with a thickness of 1 mm, a solidity of 0.05, a fiber
diameter of 2 µm, and an operating face velocity of 10 cm/s, Interception and impaction
are dominating mechanisms for particle larger than 0.5 µm and diffusion is only an
important mechanism for particles below 0.2 µm. For all particles, the gravitational
mechanism is small compared to other types of mechanisms.
Also, changing the fiber diameter will affect the filtration efficiency. For a filter with
constant solidity and thickness, as the fiber size decreases, the minimum efficiency size
decreases and the minimum efficiency increases [62].
By considering all the effects of different parameters, the total efficiency can be calculated
by using the total single fiber efficiency [48, 56, 73-75]:
(1.34),
(1.35).
In the above equations, Et is the total single fiber efficiency. One can think that the Et
should be the summation of all the capturing mechanisms. However, since different
particle capturing mechanisms are competing to capture the same particle, it is incorrect to
add all the single fiber mechanisms for calculating Et, because in this case the particle
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capture could be counted at least twice. Generally, for calculating the total efficiency by
using the modern theory of single fiber efficiency, the effect of neighboring fibers should
be considered. Also, it is often one mechanism that serves as the primary mechanism in
capturing particles, therefore the total efficiency is only calculated based on that
mechanism.
Comparing the theoretical values for filtration efficiency are found to be greater than the
experimental values. This is a result of imperfect dispersion of the fibers in a real filter,
clumping the fibers together, and the chance for fibers to screening one another. Also in
real filters, there are fibers that might not lie transverse to the airflow [6, 76, 77].

1.4.4 Pressure Drop:
In a fibrous filter, each individual fiber resist the air flow passing it, which causes filter
resistance, or pressure drop. The amount of pressure drop after the air passes through the
filter is called filter pressure drop. It represents the amount of energy needed to allow air to
pass through the filter media.
Many expressions can be found in literature to calculate the pressure drop. One of the most
important expressions for total filter pressure drop according to Darcy's law is as follows:

(1.36).
In this equation, µ is air viscosity, V is air velocity, t is filter thickness, d f is fiber diameter,
and f(α) is the correlation for dimensionless pressure drop. This equation is based on the
total drag force of all the fibers. There are several studies on the calculation of f(α). One of
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them, shown below, is proposed by Davis (1973), and holds for randomly oriented fibers
and the solid volume fractions in the range of 0.006 to 0.3 [52, 56, 75, 78]:
(1.37).
From the above equations, it can be seen that the pressure drop is directly proportional to
the filter thickness and face velocity and it is inversely proportional to the fiber diameter
squared. Equation 1.36 is based on the empirical correlation, which includes filter
parameters that are not ideal, such as fibers that are not perpendicular to the air flow.
It is worth mentioning, depending on their fiber diameters, that the predicted value for
pressure drop for a filter should be considered with a correction factor due to the slip flow
at the surface of the fibers. In the empirical correlation of Davies, it is assumed that there
is continuous flow around the fiber with a no-slip condition. This assumption holds true for
relatively large fibers. The Knudsen number can be used to describe the flow condition
which will be explained in following section.
1.4.5 Flow Regimes:
In general, there are four different types of flow regimes; continuum flow, slip flow,
transition regime, and free molecule regime.
The aerodynamics slip factor is dependent on the Knudsen Number [54, 68], which can be
used to describe the importance of molecular movement of air molecules at the surface of
the fiber in relation to the flow. This number is given by:
(1.38),
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where λ is mean free path of the fluid molecules and df is the fiber diameter.
Table 1.7: Flow regime and Knudsen number range.
Knudsen Number Range
Flow Regime
Continuum Flow
Slip Flow
Transition Regime
Free Molecule Regime

In fluid dynamics, depending on the fiber size and mean free path of gas molecules, the
fluid velocity around the fibers is varied. The no-slip condition is when the velocity of the
flow around the obstacle is zero. This takes effect in fibers of 10 micron and above in
diameter. For the fibers of smaller size, no-slip condition is no longer valid. The drag force
acting on the fibers is reduced [79][6]. In this case, the slip factor correction is applicable.
The slip factor correction suggested by Hosseini et al. is defined as:
(1.39),
where

and

are the pressure drop across a fibrous media with the slip boundary

condition and no-slip boundary condition. By considering suggesting equation to obtain
the pressure drop, one expression for Cr is in the following [54]:

(1.40).
1.4.6 Figure of Merit (FOM):
Figure of merit or quality factor is a measure of filter performance due to the energy
expended. It can be expressed as a function of pressure drop and filtration efficiency. In a
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filter media, increasing the solid volume fraction or decreasing the fiber diameter will
improve the particle capturing efficiency. However, increasing SVF or decreasing fiber
diameter will cause to an increase in filter’s pressure drop. Therefore, filtration efficiency
or pressure drop by themselves, cannot be the only evidence to judge the filters
performance and it is preferred to use the quality factor.
FOM can be calculated by the ratio of the logarithm of the penetration over the pressure
drop.
(1.41).
The performance of the filter is based on the FOM, higher values for FOM indicate the
better performance of the filters. A filter with high efficiency and low pressure drop is
consider as a good filter, this can be seen from the equation of FOM [72, 80-81].

1.4.7 Filter Clogging:
The filtration theory are based on the clean fibrous media, the study of air flow around a
perfectly clean fibers. However, passing the air through the filter for some time will cause
particle to deposit on the fibers. The deposited particle will change the fiber morphology,
which will affect the flow field around a fiber as well as the particle capturing mechanism.
There are some study on the filtration clogging based on modeling and experiments. Both
efficiency and pressure drop of a fibrous filters will increasing by accumulation of
collected particles. Initially it is beneficial to the filter performance due to the increase in
filtration efficiency but eventually the filter is called to be clogged due to a very high
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pressure drop. Filters with low value of solidity (α) can tolerate the great dust loading
without clogging. However, in some cases with liquid droplets as aerosols, both the
filtration efficiency and pressure drop will decreases by time. The liquid droplets which are
deposited on the fibers, will wet the fibers and result them to draw together due to the
capillary effects. This leads to the increase in pore size.
In general, While the particle deposition are taking place in the filter, important changes,
such as change in morphology, build up chain aggregates, and filter weight, may occur
which will change the filtration characteristics. Therefore, the time variation of pressure
drop and penetration of a filter during its performance depends on the structure, material of
the filter and the nature of aerosol. In general most of the experiments for evaluating the
filter performance are usually carried out on the clean filters with negligible amount of
particle loadings [6, 49, 62].

1.5 Conclusion:
In the above chapter a brief introduction to the fundamental theory of filtration and aerosol
specifications were provided. In addition, a literature review of the filters and filtration was
presented. The method of producing fibers for fibrous media were presented briefly and
among those, electrospinning was chosen as the best available method to produce fibers for
our experimental aims. In addition, fundamental principle of electrospinning and the
properties of electrospun fibers were discussed. The empirical and theoretical studies to
evaluate the filters performance were explained and the equations were presented.
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The following chapters will present the research efforts in producing fiber mats with
controlling morphology of fibers using electrospinning. It is also focused on the uniformity
of fiber mats and controlling the fiber orientation. New experimental study on the
performance of the fiber mats based on the fiber counts in each layer were also conducted
and the results will be presented. These thin fiber mats made of controlled fiber position
can be applied to an existed filter to improve its filtration performance. Our experimental
research introduce a fiber mats as a coating that can improve the filtration efficiency of the
filters that were applied to without adding significant pressure drop.
1.6 Purpose of Research Study:
Certain methods of configuring fibrous material in filtration media have the potential to
provide high efficiency filters while minimizing pressure drop. A filter’s air resistance and
efficiency have a strong correlation to the thickness of fibrous mats. Controlling the pore
size and the structural elements of a filter can be a good contribution to control the filter
performance. Most fibrous research has been done with only one fiber diameter
distribution which are randomly oriented. Electrospinning is a unique technique which
provides aligned and random fibers with controlled fiber diameter. This study deals with
the performance of nonwoven aligned and random electrospun fiber mats. The unimodal
and bimodal fibers are two configurations which were studied in this research.
Additionally, fibers can be oriented in orthogonal and random fashions. The purpose of the
study was to compare the performance of unimodal and bimodal mats as well as the effect
of fiber orientations. In bimodal fiber mats, the fine fibers are effecting the collection
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efficiency while the coarse fibers help in reducing the pressure drop and provide
mechanical support. In orthogonal fiber mats, where the aligned fibers are collecting
perpendicularly on top of each other, the performance of the fiber mats will improve due to
reducing the filter mats thickness as well as increasing the entropy of the system. This
study can be the first experimental study that approach making and evaluating the
orthogonal

fiber

mats

with

unimodal
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and

bimodal

fiber

configurations.

CHAPTER 2 Experimental Setup
2.1 Introduction
Fiber mats were produced using micro- and nano-scale electrospun fibers with Polystyrene
and Nylon 4,6 solutions. Different solution concentrations, electrospinning parameters, and
various setups were considered to produce a variety of fiber diameters and orientations.
Different morphologies were made, including layering aligned and random fibers. The
samples were analyzed using optical and electron microscopes to evaluate their
morphologies. The samples were tested based on their filtration performance such as:
pressure drop, filtration efficiency and FOM. In order to validate experimental values with
theory, the samples’ masses and thicknesses were measured to use in calculating the
empirical equations.
In this chapter, the electrospinning methods and setups, material specifications, analysis
techniques and instruments, and filter test rig are explained in detail. More details on
certain condition of electrospinning results in different filter morphologies will be outlined
in Chapter 3.
2.2 Electrospinning Setup
The main setup for electrospinning used in this study is illustrated in Figure 2.1. As it is
shown in Figure 2.1, the setup includes a DC power supply, infusion pump, rotating
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collector, and positioning system. The deposition of electrospun fibers was done on the
substrate attached to the collector.

Figure 2.1: Electrospinning aparatus setup.
Polymer solutions were placed in the electrospinning needle assembly, which is a 1 ml
syringe (National Scientific Company) with a flat tip stainless steel 27 G needle of length
1.27 cm (Becton- Dickinson, Precision Glide TM). The syringe was placed in an infusion
pump (Harvard Apparatus PHD2000), where the solution flow rate could be controlled.
The rotational collector consisted of a 17.5 cm long hexagonal cylindrical drum, each face
having a width of 1.5 cm. The collector drum was electrically grounded and attached to the
AC motor (Marathon Electric, Cat No. S102) via belt. Changing the belt position would
cause a change in the rotational speed. The drum was rotated at a speed of 1200 rpm. A
two-phase Vexta stepping motor (Model PK268-02A) was used as the positioning system,
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where the sliding table attached to it. An Immediate Motion Creator (IMC) software was
used to control the back and forth motion of the sliding table. The collector was mounted
on the sliding table. All the setup, including needle assembly, collector, and sliding table,
were placed on a vibration isolation table. The distance between the needle tip and the
drum was kept at 7cm for most of the electrospinning. A high voltage was applied to the
needle by a Matsusada Precision Inc. power supply (Model AMT-10810-LCS).
The corona apparatus was used on the opposite side of the collector to neutralize the
surface charges. Needle assembly and corona assembly were placed on either side of the
drum. The corona consists of a needle, which was connected to the high voltage. The
needle was then shielded using a copper plate [82][83].
In the case of gap method, a stationary collector was used. Two copper strips 12 mm wide
and 27 mm long were placed 2cm apart on the collector, facing the needle. The surface of
the collector was insulated except for the two copper strips, which were grounded. Samples
were individually placed in the middle of the two strips. Figure 2.2 is schematic of the gap
stationary collector.

Figure 2.2: Schematic of the stationary collector used in gap method.
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All of the current and voltage measurements were recorded from the power supplies
directly or by using an Agilent 34401A digital multimeter with a Fluke 80k-40 HV probe.
Ambient temperature and humidity was measured before each experiment by using a
Vaisala HM 34 meter.
2.3 Electrospinning solutions:
In this study, Nylon 4,6 and Polystyrene were chosen as the focus materials to produce
filter mats. These two polymers are relatively cheap and known to be easy to electrospin.
Also, there are many studies on the physical properties and processing parameters of these
two polymers. As an example, Nylon, an engineering plastic, is one of three major
synthetic polymer in fiber industry [84]. Polystyrene is a synthetic aromatic polymer,
which is considered the most inexpensive of hydrophobic polymers.
Nylon solutions were prepared by dissolving Nylon 4,6 (442992; CAS=50327-22-5,
Sigma-Aldrich, USA) in Formic acid (98%, Fluka, USA). Nylon 4,6 was used without
additional purification in the following concentrations, 10%, 15%, 18%, and 20% wt.
Nylon in Formic acid. Additionally, 0.2 Wt. % Pyridine was added to the 10% Nylon 4,6
solutions exclusively as explained in Chapter 3 [85]. Polystyrene solutions were prepared
by dissolving Polystyrene (331651 Aldrich, average Mw 350,000) in Toluene (244511,
anhydrous, 99.8%, Sigma-Aldrich) and Tetrahydrofuran (THF) (anhydrous, ≥99.9%,
inhibitor-free, Sigma-Aldrich) with various concentrations at 18%, 20%, 25%, and 30%
wt. Polystyrene. Table 2.1 summarizes some of the specifications of the Polymers and
other chemicals which were used in this study.
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Table 2.1: Properties of polymers/chemicals used in this study [86][87].
Solubility
Polymer/
Molecular
Molecular
Density
Dielectric
Parameter
3
Solvent
Formula
weight (g/mol) (g/cm )
Constant
(MPa1/2)
Polystyrene
(C8H8)n
~350,000
1.05a
15.2
2.5 ‒ 2.6a
Nylon 4, 6
(C10H22N2O4)n
~10,000
1.18
27.8a
3.2 ‒ 3.5a
Toluene
C6H5CH3
92.14
0.87b
18.2
2.4b
b
THF
C4H8O
72.11
0.89
18.6
7.5b
Formic acid
CH2O2
46.02
0.98
24.7
58.8b
Pyridine
C5H5N
79.1
1.22
21.9
12.4b
a
b

Value reported for 25 °C.
Value reported for 20 °C.

During the electrospinning, polymer solution properties; including solution concentration,
polymer molecular weight, solution conductivity, solution viscosity, surface tension, and
solvent dielectric constant, will strongly affect the morphology and diameter of the
electrospun fibers.
It is worth mentioning that a large difference between the solubility parameters of the
polymer and its solvent will result in the formation of beads on the electrospun fibers,
which is due to the poor interaction between polymer and solvent molecules. In this study,
Polystyrene was dissolved in Toluene/THF and Nylon 4,6 was dissolved in Formic acid.
Both Solutions, Polystyrene in Toluene/THF and Nylon in Formic acid, were electrospun
very easily at room temperature. The dielectric constant of the solution is related to the
charges in solution, which effects the electrospinning process and the resultant fiber
morphology [88-90]. As an example, the high dielectric constant of the solvent will reduce
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the bead formation and improve the productivity of the fibers via electrospinning. Also,
adding Pyridine to the 10% wt. Nylon 4,6 solution will eliminate the bead formation
during electrospinning. Pyridine is a base and will react with formic acid to produce an
organic salt. This reaction will hypothetically increase the electrical conductivity of
solution [15]. For Polystyrene, 30% of the solvent is THF because of its high dielectric
constant. This helps to increase the amount of electrical charge in the solution.
2.4 Electrospinning Parameters:
As it was explained in Chapter 1 Section 1.2.3, different electrospinning setups and
polymer solution properties will results in different fiber diameters and orientations. Figure
2.3 illustrates different electrospinning setups, which were used in this study. Below is a
detailed explanation of these setups.
Figure 2.3A is the schematic of a conventional electrospinning setup which consists of a
high voltage source, an infusion pump and a rotation drum. Samples were placed on the
drum, which acted as collector. A flat tip stainless steel 27G needle was connected to a
plastic syringe containing the polymer solution, and placed in the infusion pump.
Figure 2.3B is the schematic of an electrospinning setup with negative ion deposition using
a corona (high voltage on a sharp point). A negative voltage of 3.5-4.0 kV was given to the
corona via a power supply. The corona was placed as close as possible to the drum surface
with its tip coaxial to that of the needle.
Figure 2.3C is the schematic diagram of an electrospinning setup on stationary substrate
and Figure 2.3D shows an electrospinning setup with a collector consisting of two copper
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strips separated by a gap. In this case, substrate was placed in the gap between two the
copper strips.

Figure 2.3: Schematic diagram of electrospinning setup, A) conventional electrospinning
with rotational collector involved translational motion in x-direction, B) setup with corona
for negatively charged ion deposition and rotational collector involved translational motion
x-direction, C) conventional electrospinning setup with a stationary metal collector D)
electrospinning with gap, using two conductive electrodes placed on insulated substrate as
collectors.
Setups for fabricating aligned and random micrometer and nanometer fibers are as
followed:
 The rotating collector was used to enhance the alignment of micrometer
Polystyrene fibers, also the collector motion in the x-direction will help control
fiber depositions (Figure 2.3 A),
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 The stationary grounded collector was used to produce random micrometer
Polystyrene fibers (Figure 2.3 C),
 The rotating collector was used to produce random nanometer Nylon 4, 6, using a
corona and setting the collector motion in the x-direction will enhance fiber mats
uniformity (Figure 2.3 B),
 The stationary collector, with two conductive plates in the form of strips, was used
to produce aligned nanometer Nylon 4,6 fibers (Figure 2.3 D).
Table 2.2 summarizes the experimental conditions for electrospinning used in this study.
Needle to
Concentration Voltage
Infusion Rate
Polymer
Solvent
collector distance
(wt. %)
(kV)
(μl/min)
(cm)
Toluene/THF
18%, 20%,
Polystyrene
5.5
8 ‒ 10
1 ‒ 2.5
<7:3>
25%, 30%
10%, 15%,
Nylon 4, 6
Formic acid
7 ‒ 7.5
7‒8
0.5 ‒ 0.8
18%, 20%

2.5 Substrate:
The electrospun fibers were deposited onto a Nylon 6 mesh (McMaster, 9318Txx). The
wet electrospun fibers deposited on the substrate strongly adhered to the substrate.
Especially for the case of Nylon 4,6 solutions, the presence of Formic acid in the wet fibers
reaching the substrate allowed the fibers to adhere to any material soluble in Formic acid
[82]. Substrates were cut into circles with a 12 mm diameter using a cutting punch. Table
2.3 summarizes the substrate specifications used in this study. Figure 2.4 shows a substrate
with and without fiber deposition.
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Table 2.3: substrate specifications used in this study.
Thread Diameter Opening width % Open Area Thickness b Weight
Material
a
a
a
(μm)
(μm)
(μm)
(mg)
Nylon 6
120
255
36
210
7.5 ‒ 8
a
The thread diameter, opening width, and % open area were obtained from measurements
taken on SEM images. b Substrate thicknesses are determined using a Surface Contact
Measurement Technique (Dektak Profilometer).

Figure 2.4: Mesh substrate left) with fiber deposition and right) without fiber deposition.
2.6 Characterizing Solution Properties
As it was previously mentioned, the electrospinning solution properties such as electrical
conductivity, surface tension, viscosity, and density need to be measured and maintained at
required values to produce the desirable electrospun fibers. In this study, three solution
properties were measured. Electrical conductivity of the polymer solutions was measured
using a conductivity meter (YSI Model 3200). Surface tension of the polymer solutions
were measured using standard Goniometer/Tensionmeter with drop image advanced
software (Rame-hart Model 250). The device takes measurements of solution droplet
surface tension by a software package, DROPimage Advanced. Viscosity of the polymer
solutions was also measured using a ball drop viscometer (Gilmont Falling Ball
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Viscometer). The tube of size 3 and steel ball were used. All the measurements were taken
at room temperature.
2.7 Characterizing Filtration Performance
2.7.1 Filter Test Assembly:
Figure 2.2 is a schematic diagram of the filter test setup. It consists of a vertical steel
column with conical inlets, two pressure ports (upper and lower part), a differential
pressure monometer (EXTECH Instruments Model HD 700), an optical particle counter
(AeroTrak Model 8220), and a flowmeter (Cole-Parmer, model PMR1-010477) attached to
a High Efficiency Particulate Air (HEPA) filter (controlling the face velocity). For
evaluation of filter performance, filters were placed between the upper and lower parts.
The optical particle counter was fixed at a volumetric flow rate of 2.8 LPM which is called
Q3 in Figure 2.5. The rotameter has a maximum flow of 4.4 LPM which is called Q2 in
Figure 2.5. The actual flow passing through the filter, Q1 in Figure 2.5, can be controlled
by fixing the rotameter at a desired flow. The HEPA filter attached to the rotameter ensures
that the Q2 is clean of any particles. Therefore, the particle counts from the optical particle
counter are only from the flow passing through the filter (Q1). Face velocity was kept at ~5
cm/sec for filters containing nanometer electrospun fibers and at ~12 cm/sec for all other
samples. The pressure drop is read directly from the digital pressure meter, which is
connected to the two ports.
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Figure 2.5: Filter test setup.
As it shown in Figure 2.5, two pressure ports are placed at the upper and lower pieces of a
vertical orifice column. The upper piece has a length of 40 mm and a center tapped bore of
9.4 mm diameter. The inlet part of the upper piece is conical with length of 1 cm and
diameters of 22.00 and 9.4 for its top and bottom, respectively. The lower piece has same
center tapped bore to the entire length (9.4 mm in diameter). It is 50 mm long and conical
opening at the end, which has a 12.6 mm diameter. The upper pressure port is placed at 38
mm from the top and the lower pressure port is placed 80 mm from the bottom. The optical
particle counter is connected to the vertical column with a rubber tube having outer
diameter of 9 mm and inner diameter of 6 mm. The upper piece of the assembly is fitted
coaxially to the lower piece after the filter is placed between the upper and lower pieces.
To ensure that all air is forced through the filter, two O-rings are placed on either side of
the filter. The O-rings provide compressive force to the filter.

55

2.7.2 Particle Counting:
Filtration efficiency was measured using an AeroTrak Handheld Optical Particle Counter,
Model 8220. The particle counter has a size range of 0.3 to 10 micrometers, with six
defined bean sizes of 0.3-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-1, and >1. Measurements were
done for 3-minute durations with a 10 second delay for each set. The bean size of 0.3-0.4
was considered for calculating the filter efficiency of most penetration particles.
2.7.3 Calibration of Instruments:
As previously mentioned, the filter test setup is made up of four parts; rotameter, optical
particle counter, pressure meter and filter holder column. This system has been evaluated
with other systems to check for the accuracy of the results and also to calibrate each of the
four sections.


Calibration of the rotameter:

The rotameter consists of a Brooks Tubes, 1110 and 1140 series flow meter. The filter test
rig is attached to the Brooks tubes. The maximum air flow out of this rotameter is 4.4
LPM. The actual flow rate that passes through the filter is controlled by the position of the
ball as it moves through the rotameter. In this section it is ensured that the ball position is
in agreement with the expected flow meter reading. To achieve this, a Gilibrator Bubble
Flow Meter was used to test the actual flow meter values for each ball position. The bubble
cell with airflow ranging from 0.02 to 6 LPM was used. The wet cell generated perfect
bubble films by the touch of a button. The bubble flies in the cell column and an infrared
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sensor reads the bubble flow rate. There are two sensors at the button and top of the cell
that detect the bubble at each position. The flow rate is calculated by knowing the distance
between the two sensor points and the time it takes the bubble to pass from one point to the
other.
The results from using the airflow calibrator agreed with previous lab group experimental
results. Note that these preceding experiments were done using a manually operated bubble
meter in contrast to the Gilibrator Air Flow Meter used in this study. Here, the rotameter
flow rate is controlled based on the desired face velocity. The optical particle counter
attached to the end of the filter test column is fixed at a volumetric flow rate of 2.82 LPM.
Both results are compared in the following graph (Figure 2.6).

Figure 2.6: Plot comparing the results from Gilibrator Air Flow Meter with those from the
previous studies.


Calibration of the optical particle counter:

In order to calibrate the optical particle counter, a uniform air stream is passed through two
different particle counters and the number of particles were compared. To accomplish this
goal, the Condensation Particle Counter (CPC) model 3772 was used. CPC is an
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instrument that detects airborne particles as small as 10 nm at an aerosol flow rate of 1.0
LPM, over a concentration range from 0 to 104 particles/cm3.
Three different particle sizes were generated using three different solution concentrations.
The solutions were made by dissolving Polystyrene Latex (PSL) granules in distilled
water. After making the solutions, an atomizer was used to generate the particles in the air.
The solution concentrations were picked such that three different particle sizes of 0.3μm,
0.5μm, and 2μm were obtained in the air stream. In order to check the particle size, a
Differential Mobility Analyzer (DMA) was used. The stream containing these particles
were sent to both the CPC and optical particle counter. The resulting number of particles
from both instruments were closely matching.


Calibration of the pressure meter:

As it was mentioned in Section 2.7.1, the pressure meter is connected to the test column
through two connection points. The upper and lower air pressure were considered and
readings of the differential pressure were taken directly from the pressure meter. In order
to calibrate this digital pressure meter, a Dwyer Magnehelic differential pressure gauge
was used. The results from the two pressure meters for the same filter sample with the
same face velocity were obtained. The results indicate that the pressure meter is fully
reliable.


Calibration of the filter holder column:
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In this section an attempt was made to check whether leakage occurred through the test rig.
To achieve this goal, manufactured filter holders (13 mm Plastic Swinney Filter Holder,
part number 4317) purchased from Pall Corporation were used.
Filters were tested with both the test rig in the lab and the Pall filter holder. Pressure drop
values were measured for each filter using the two different filter holders at the same face
velocity. The results indicate a very good matching between the two setups.

Figure 2.7: Testing pressure meter of a filter with two different filter holders.
The results from the Figure 2.7 indicate that the filter test rig has a very low chance of
leakage and the pressure drop values equate to the pressure drop of each filter.
In this experiment the filter efficiency from the same filter in two different holders were
also calculated by counting the number of penetrating particles through the filter using the
optical particle counter. The plotted data indicates a very good agreement between the
values coming from two different filter holders.
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Figure 2.8: Testing the efficiency of a filter with two different filter holders.
From the calibration of the four different sections, the results from the experimental setup
are with minimal experimental error.
2.8 Characterizing Filter Morphologies:
2.8.1 Scanning Electron Microscopy:
Scanning Electron Microscopy (SEM) is a vital tool for producing high-resolution images
of sample surfaces. In this study, the morphology of samples was analyzed using a UltraHigh-Resolution Scanning Electron Microscope (Hitachi SU-70 FE-SEM). The electron
beam voltage was at 5 kV with working distance of 15mm. The sample was placed on the
stainless steel SEM holder with 15 mm in diameter using conductive tape (usually carbon
tape). All samples were sputter coated with platinum metal for 60 to 90 seconds.
2.8.2 Optical Microscopy:
Another method used to obtain fibers is optical microscopy (OP). A Nikon Eclipse optical
microscope (model LV100D-U) was used for all optical imaging. Images were taken at
different magnifications (maximum of 100X) with top lighting.
2.8.3 Thickness Measurement:
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Filter thicknesses were measured using a profilometer, Veeco Dektak 150 Stylus
Profilometer. The Dektak is a profilometer for measuring step heights or trench depths on a
surface. This is a surface contact measurement technique where a very low force stylus is
dragged across a surface. The display range of the data is 200 Å to 20 mm. A video camera
with variable magnification allows for manual placement of the stylus and the system is
programmed to scan length and speed. In this study, the profile was kept at the hill position
with a resolution of ~0.667 μm/sec and measurement range of ~524 μm. The stylus was
dragged with the force of 5 mg. The thickness was measured three times for each sample
by scanning the surface through its three individual diameters. For each set, the recorded
thickness is the average value thickness of 2 samples each measured 3 times.
2.8.4 Weight Measurement:
A high precision analytical balance with the readability of 0.01 mg was used to weigh
fabricated samples. The actual mass of the coated polymers was considered. Therefore, the
samples were weighed before and after electrospinning and the difference between the two
weights was considered as the mass of electrospun layer.
2.9 Analysis method:
For each set of samples, at least six samples were made and tested for pressure drop and
filtration efficiency. Pressure drop values were recoded from the pressure meter readings
and converted to Pascals. The ratio between particle counts with filter and without filter is
defined as the particle penetration through a filter. The filtration efficiency was obtained by
calculating particle penetration through the filter which was 1- penetration. Particle counts
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were taken from the optical particle counter using the same flow rates for upstream and
downstream. FOM was calculated by using those values and equation 1.41. Other
specifications, such as fiber diameter, filter uniformity, and fiber spacing were investigated
by SEM images. All SEM images were analyzed using ImageJ software.
All the readings and calculations were recorded and the corresponding plots were made
using Microsoft Excel 2013. The standard deviation value for each case was calculated
using

“student-t

distribution”

at

a

minimum
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90%

confidence

interval

[91].

CHAPTER 3 Electrospun Fiber Mats
3.1 Introduction:
Fibers of Polystyrene and Nylon 4,6 were electrospun at polymer weight concentrations
from 18% to 30% and 10% to 18% solutions, respectively. Different polymer
concentrations will form fibers with different diameters. The fibers were collected on a
nylon substrate by controlling the deposition mode, in order to achieve different filter
structures. The resulting fibers were investigated based on their physical characteristics
such as fiber diameter, formation of beads, and formation of nanowebs. The resulting
fibers, with beads eliminated and controlling nanoweb formation, were deposited onto a
nylon substrate with random and aligned configurations. For each deposition, certain
conditions were considered in order to obtain a uniform fiber mat. Resulting fiber mats
were tested based on their uniformity. Fiber deposition was much more controllable in
micrometer fibers than nanometer fibers. In this chapter, the results from a study on the
uniformity of fiber mats produced with nanometer fibers are presented. The following
sections are focused on characteristics of the fibers and the resulting fiber mats used in this
study.
3.2 Fiber Morphology:
3.2.1 Random and aligned fibers:
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Different electrospinning methods yielded different fiber orientations and distributions.
Random and aligned orientations of fiber were used in this study. The electrospinning
method to produce aligned and random fibers both for micrometer and nanometer fiber
diameters were explained in chapter 2. Random fiber mats were made by random
configuration of fibers using a stationary collector. Whereas, orthogonal fiber mats were
made by arranging the aligned fiber layers perpendicular to one another with a rotational
collector. SEM images of random and aligned Polystyrene fibers and Nylon 4,6 fibers are
shown in the Figure 3.1 and 3.2, respectively.

100 μm

100 μm

Figure 3.1: SEM images, a) random 30% Polystyrene fibers and b) aligned 30%
Polystyrene fibers.

5.00 μm

5.00 μm

Figure 3.2: SEM images, a) random 15% Nylon 4,6 fibers and b) aligned 15% Nylon 4,6
fibers.
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3.2.2 Fiber diameter:
The fiber diameters were measured from multiple SEM images, analyzing 20 fibers per
experiment. To obtain a valid diameter of each fiber, two diameter measurements were
taken on different ends of the fiber. The mean diameters and standard deviations were
calculated.
With micrometer fibers, controlling the electrospinning parameters and setup as well as the
polymer solution concentrations will result in controlling the fiber diameter. Figure 3.3 and
3.4 give a distribution of aligned and random fiber diameters for different Polystyrene
solution concentrations as well as the corresponding SEM images.

50.0 μm

50.0 μm
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50.0 μm

50.0 μm
Figure 3.3: SEM images and histograms representing the aligned Polystyrene fiber
diameter distribution.

50.0 μm
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50.0 μm

50.0 μm

50.0 μm
Figure 3.4: SEM images and histograms representing the random Polystyrene fiber
diameter distribution.
Two methods resulted in fiber diameter decreases: lower solution concentrations and the
rotational collection method. Fiber elongation as a result of the rotational collection
method produced thinner fibers. Therefore, the average fiber diameter of Polystyrene, with
the same polymer concentrations, is higher for random fibers due to the electrospinning
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procedure. Table 3.1 lists all of the Polystyrene concentrations with corresponding fiber
diameters.
Table 3.1: Table showing results for changes in fiber diameter due to the polymer
concentration and fiber orientation.
Fiber Diameter (μm)
Polystyrene Concentration (%)
Random Fiber Aligned Fiber
18%
1.8±0.6
0.7±0.2
20%
2.0±0.5
0.9±0.2
25%
2.5±0.4
1.8±0.4
30%
3.7±0.5
2.5±0.4
Nanometer fibers made of Nylon 4,6 concentrations and their corresponding electrospun
fiber diameters are listed in Table 3.2, using a stationary collector for producing aligned
fibers and a rotational collector for producing random fibers. Figure 3.5 and 3.6 give a
distribution of aligned and random fiber diameters for different Nylon 4,6 solution
concentrations as well as their corresponding SEM images.
Table 3.2: Table showing results for changes in fiber diameter due to the polymer
concentration and fiber orientation.
Fiber Diameter (nm)
Nylon 4,6 Concentration (%)
Random Fiber Aligned Fiber
10%
100±10
75.5±22.6
15%
―
110±15.9
18%
―
117±18.5
20%
190±10
227±52.2
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10.0 μm

10.0 μm

10.0 μm

10.0 μm
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Figure 3.5: SEM images and histograms representing the aligned Nylon 4,6 fiber diameter
distribution.

10.0 μm

10.0 μm
Figure 3.6: SEM images and histograms representing the random Nylon 4,6 fiber diameter
distribution.
3.2.3 Fiber beads:
As is shown in the SEM images of Polystyrene and Nylon 4,6, some electrospun fibers
contained defects in the form of beads. The formation of beads is based on polymer
solution parameters such as concentrations, conductivity, viscosity, and surface tension.
Increasing solution concentrations results in an increase of solution viscosity due to the
higher polymer chains entanglement. It has been described in detail that increasing the
viscosity of electrospun solutions will result in thick fibers with no beads [92]. Also,
increasing the electrical conductivity of the electrospinning solutions will reduce the
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formation of beads and favor the formation of smooth fibers. High surface tension of the
solutions also can increase the formation of beads by creating enough pressure on the
surface of the polymer jet. The formation of beads and the parameters affecting it have
been defined in detail in previous studies [30][85][93].
In this study, the formation of beads was eliminated by increasing the electrical
conductivity of solutions, as well as increasing the solution concentrations. In order to
make Polystyrene solutions, a 7:3 ratio of Toluene to THF was used as the solvent due to
the solubility parameters and dielectric constants which are described in chapter 2. For this
study, the appropriate solution concentrations, 25% and 30% Polystyrene by weight, were
selected to result in smooth electrospun fibers.
For Nylon 4, 6, the beads formed on random fibers made with a 10% solution
concentration.

Figure 3.7 shows changes is solution surface tension and electrical

conductivity with different Nylon 4,6 content. The electrical conductivity for 10% Nylon
4,6 is lower compared to the higher solution concentrations. Therefore, the electrical
conductivity of the 10% Nylon 4,6 solution was increased by adding 0.2 wt. % Pyridine.
Figure 3.8 a and b, show the SEM images of electrospun fibers using 10% Nylon 4,6 with
and without adding Pyridine, respectively.
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Figure 3.7: Changes in solution surface tension and electrical conductivity with different
Nylon 4,6 content.

a)

b)

10.0 μm

10.0 μm

Figure 3.8: SEM images of electrospun fibers using 10% Nylon 4,6 a) with and b) without
adding Pyridine.
3.2.4 Nanoweb formation:
It was observed that nanometer electrospun fibers appeared to branch from primary
deposited fibers, which results in forming the nanoweb areas. These nanowebs will affect
the filtration performance as a secondary effect to the particle capturing. Researchers have
shown that the formation of nanowebs is due to solvent degradation, adding TiO2
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nanoparticles, and increasing the applied voltage, and also defined nanowebs as nonwoven
webs consisting of nanoscale secondary fibers formed between the larger primary fibers in
an electrospun mat [94-96]. For example, Nam et al. showed that the diameter of
electrospun Nylon 6 fibers decreases with the standing time of solution which results in the
formation of nanoweb areas.
In this study, random fibers collected on a high-speed rotating cylinder (rotation method)
showed limited secondary fiber formation, while aligned fibers collected on a stationary
collector between two conducting strips (gap method) showed extensive secondary fiber
formation. It was observed not only the solution degradation will affect the nanowebs
formation but also the spinning method will affect it. In this section, the influence of
different electrospinning parameters on the formation of secondary nanofiber webs, such as
distance between the needle and drum, solution concentration, solution viscosity, and
solution degradation, are investigated.
Figure 3.9 a and b represent the SEM images of mats made with rotation and gap methods,
respectively. The formation of nanowebs is more evident in the gap method compare to the
rotation method. This can be explained by the speed of solvent evaporation. In the rotation
method, the primary fibers dry quickly limiting secondary fiber formation, whereas the
primary fibers still contain solvent when deposited using the gap method allowing for the
formation of secondary nanofiber webs.
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a)

b)

10.0 μm

10.0 μm

Figure 3.9: SEM images of 15 Wt.% Nylon 4,6 a) high speed rotation method without
formation of nanowebs b) gap method with formation of nanowebs.
According to Figure 3.10 high-resolution SEM image, the diameter of these nanofibers
ranges from 15 to 60 nm. Also included is the fiber diameter distribution of the nanowebs.

3.00
μm

30.0 μm
Figure 3.10: SEM image of Nylon 4, 6, 20% concentrations (gap method) with 7 cm
needle to drum distance and secondary fiber diameter distribution.
Furthermore, the effect of solution concentration and needle-to-drum distance on the
formation of nanowebs in the gap method was investigated. SEM images of fibers
electrospun from solutions with varied Nylon 4,6 concentrations were studied and
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discussed therein. Images suggest that by using 18% and 20% Nylon concentrations, the
extent of nanowebs will increase compared to the 15% nylon concentrations as seen in
Figures 3.11, a-c. This is caused by the difference in surface tension and fiber inertia
between different solutions, which will affect the secondary fiber formation. Surface
tension and electrical conductivity of solutions are shown in the previous section (Figure
3.7).

a)

1.00 μm

10.0 μm
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b)

1.00 μm

10.0 μm
c)

1.00 μm

10.0 μm
Figure 3.11: SEM images of a) 15% Wt., b) 18% Wt., c) 20% Wt. Nylon 4,6.
For the study of needle-to-drum distance, the distance from needle to drum was varied at
4 cm, 7 cm, and 10 cm, while the other parameters such as concentrations, voltage, and
width of the gap were kept constant. SEM images, shown in Figure 3.12, suggest that
variations in distance between the needle tip and collector have an effect on the formation
of nanowebs. It was observed that fibers collected further away seemed to generate fewer
nanowebs than those collected from a shorter distance with the same deposition time.
Longer distance also results in less deposition of fibers. These fibers have longer travel
time before being collected at the drum and are therefore drier than those collected from a
shorter distance.
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a)

1.00 μm

10.0 μm

b)

1.00 μm

10.0 μm

c)

1.00 μm

10.0 μm
Figure 3.12: SEM images of 18% Wt. Nylon 4,6 fibers show the effect of needle to drum
distance on the formation of nanoweb a) 4 cm, b) 7 cm, c) 10cm.
The above study was done using a solution that was 1 up to 14 days old. It was also worth
studying the effect of solution degradation on the formation of nanowebs. Following are
the results of the formation of nanowebs with different aged solutions using the
electrospinning gap method. The fiber mats were made with solutions aged from 1 to 50
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days. The mats were tested based on their pressure drops. The results are shown in Figure
3.13. It is observed that the pressure drop is divided into three portions based on solution
degradation, 1 up to 20 days old with high pressure drop, 20 up to 33 days old with low
pressure drop, and 33 days and older with high pressure drop. The SEM images in Figure
3.14 also indicate that the amount of formed nanowebs changed based on the age of
solutions. Figure 3.15 shows the viscosity of the solutions based on their age. The solution
viscosity decreases as the solutions degrade. As the solution viscosity decreases, the
polymer molecular weight also decreases, which results in more secondary fiber formation.
SEM images indicate that mats made of a solution 49 days old has a lot of nanowebs with
unclear alignment, whereas mats made of a solution 4 days old has fewer nanowebs with
the alignment of primary fibers still evident. Therefore, the pressure drops for mats in these
two regions are high. The pressure drop goes down for mats made from solutions 20 up to
33 days old. This can be due to the loss of their uniformity, which can be seen in SEM
images, Figure 3.16.

Figure 3.13: Pressure drop based on the solution age for fiber mats made of electrospun
aligned 15% wt. Nylon using gap method.
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b) 8 Days old

a) 4 Days old

10.0 μm

10.0 μm

c) 29 Days old

d) 45 Days
old

10.0 μm

10.0 μm

Figure 3.14: SEM images of 15 wt. % Nylon 4,6 made of a) 4 days old, b) 8 days old, c) 29
days old, and c) 45 days old solutions.

Figure 3.15: Solution viscosity based on the solution age for 15% wt. Nylon 4,6 in Formic
acid.
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Figure 3.16: Low magnification of SEM images of 15 wt. % Nylon 4,6 made of 4, 8, 23,
29 and 45 days old solutions.
As a summery, in the gap method, the fibers were still wet when deposited on the
stationary substrate and still possessed a high charge density. Thus, to get rid of these
charges, they produce secondary nanofibers. The production of the nanowebs from wet
collected fibers also depends on the viscosity of the solutions, which varies as the solutions
degrade. Also, the space between two electrospun fibers acts as a gap to facilitate the
formation of secondary nanofibers. Repetitions of forming secondary nanofibers could
occur to form nanowebs. However, this explanation is a hypothesis and needs further
investigation.
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3.3 Fiber Mat Morphology:
The morphology of the micrometer and nanometer fiber mats were investigated using
electrospun Polystyrene and Nylon 4,6 fibers, respectively. Different morphologies were
considered in this study, which are described below:
 unimodal random fiber mats referred to randomly deposited fibers with only one
fiber diameter distribution,
 bimodal random fiber mats referred to randomly deposited fibers with a binary
blend of fine and coarse fibers,
 unimodal orthogonal fiber mats referred to orthogonally layered aligned fibers with
only one fiber diameter distribution, and
 bimodal orthogonal fiber mats referred to orthogonally layered aligned fibers with a
binary blend of fine and coarse fibers.

Figure 3.17 shows an SEM picture of unimodal and bimodal forms of random and
orthogonal fibers. The filtration performance of these morphologies was tested based on
their basis weight, ratio of coarse to fine fibers, solid volume fraction, and fiber spacing.
Different approaches were used to reach the highest possible amount of uniformity of
mats.
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b)

a)

10.0 μm

c)

10.0 μm
d)

20.0 μm

10.0 μm

Figure 3.17: SEM pictures of a) bimodal random fibers, b) unimodal random fibers, c)
bimodal aligned orthogonal fibers, d) unimodal aligned orthogonal fibers.
3.3.1 Uniformity of fiber mats:
In fibrous filtration, it is important to deposit the fibers uniformly across the surface of the
substrate. However, using electrospinning to produce fibers usually resulted in an uneven
distribution of fibers. Therefore, some extra efforts will be needed to distribute the fibers
uniformly across the substrate. The following are considerations that were used in this
study to produce uniform micrometer and nanometer fiber mats.
3.3.1.1 Micrometer fiber mats:
Mats were fabricated using micrometer and nanometer fibers. In micrometer fiber mats,
due to the high inertia of micrometer fibers, fiber deposition on the collector is easier to
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control than nanometer fibers. Therefore, the effort that achieved the highest degree of
uniformity while also controlling the fiber spacing was a collector that used back and forth
motion during the electrospinning. The speed of the back and forth motion was selected
based on the desired fiber spacing.
3.3.1.2 Nanometer fiber mats:
For fiber mats made of nanometer fibers, controlling uniformity is not as simple as with
micrometer fibers. The deposition of nanometer fibers on the substrate, attached to the
grounded drum, did not produce a uniform layer even by using back and forth motion for
the collector or extended deposition times. This uneven distribution of nanometer fiber
mats can be attributed to the effect of charge dissipation of deposited fibers. It is
hypothesized that fibers collected on the open regions of the substrate retains their charge
and the fibers which are collected on the physical threads lose charge. Although the
substrate is a polymer, it cannot act as a perfect insulator and there is a chance for charges
to be neutralized. Therefore, there are more fibers deposited on the threads than on the
open region of the substrate, which results in an electrostatic imbalance between the open
and solid area of the substrates.
To eliminate this effect, ways to neutralize the charges built up on the fiber mats are
needed. For the rotational collector, the substrate was electrically neutralized by the
corona, which is a high voltage placed on a sharp point. The type of corona used in this
study has been explained in previous studies [82]. For the stationary collector, using two
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conductive electrodes placed on an insulated substrate as a collector (void gap) helped to
neutralize the substrate and resulted in increased fiber collection.
Two experiments were performed to study the relationship between different
electrospinning techniques and resultant morphology. The first experiment indicates that
between two series of nanometer fiber mats, both collected on a rotational collector, the
one with ion deposition will have more uniform coverage than the one without. The second
experiment was to create nanofiber mats, one on a conductive stationary substrate and one
between two conductive points. In order to better understand the uniformity of mats made
of nanometer fibers, the mats were evaluated based on the filtration performance and their
SEM pictures. All the mats were made using 15% Wt. Nylon 4,6 as the electrospinning
solution.


Corona assisted deposition and corresponding filter performance:

Table 3.3 summarizes the electrospinning methods and their corresponding filter
performance. The first set shows filters that were made without ion deposition (without
corona, Figure 2.3A) while the second set comprises filters electrospun with neutralization
by negative voltage (with corona, Figure 2.3 B).

Table 3.3: comparing the filter performance of electrospun fiber mats with the rotational
collector, with and without corona.
Filter Mats
A) Without Corona
B) With Corona
2
Basis Weight (g/m )
1.3
2.4
1.3
2.4
Pressure Drop at 5 cm/s (Pa)
72
162.6
104
211.5
Filtration Efficiency (%)
65.7
85.7
91.0
96.4
Figure of Merit (FOM)
0.015
0.012
0.023
0.016
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Time of Electrospinning (min)

40

60

5

10

For each set, data was obtained for two different filter masses. The fibers collected on the
substrate are positively charged. When a small layer of fibers is deposited on the substrate,
the rate of charge dissipation decreases, hence further deposition slows down and the
coverage is no longer uniform. Using negative ion deposition helps to neutralize this
electrostatic positive charge on the substrate [83][97]. Figure 3.18 shows the SEM picture
of the mats with and without ion deposition. The efficiency and pressure drop of these two
test samples were measured and displayed in Figure 3.19.

Figure 3.18: SEM images of filter coverage with same basis mass A) without and B) with
corona (using rotational collector).
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Figure 3.19: Chart comparison between set A and B for pressure drop and efficiency.

As is shown in figure 3.19, non-uniformity still occurs even by increasing the
electrospinning time. The test samples with negative ion deposition provide relatively
uniform coverage for the filter mat, such that fibers cover even the holes on the substrate,
whereas those without ion deposition have very poor coverage on the holes (mesh spaces).
Comparing samples with dissimilar masses proved that mass does not play a major role in
influencing uniformity. However, deposition of ions using a corona was found to have
significant influence. In addition, uniformly distributed fibers had higher efficiency. In
spite of approximate values for the FOM, uniform mats still had higher efficiency.
By considering filtration parameters, such as particle size and face velocity, and filter
description, including the type of polymer, basis weight and fiber diameter, the pressure
drop values are comparable with previous studies for both stationary and rotating
collectors using traditional electrospinning methods [80, 98, 99].


Void Gap collector and corresponding filter performance:
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In this part we compare the coverage uniformity and filter performance of mats electrospun
with a stationary drum and those produced from a setup with a void gap. It was show that
the gap method of collecting nanometer fibers has a very high collection efficiency relative
to the stationary conductive collector. Figure 3.20 shows the SEM picture of mats with and
without the gap method. Collection efficiency and pressure drop are displayed in Figure
3.21.

Figure 3.20: SEM images of filter coverage with same basis mass C) without and D) with
Gap (using stationary collector).
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Figure 3.21: Chart comparison between set C and D for pressure drop and efficiency.
The results showed that using the gap method to collect the fibers increases the uniformity
of the fiber mats, which will result in better filtration performance. Also, it should be
mentioned that increasing the mass in these methods will improve the uniformity. As is
shown in Table 3.4, using the gap method is only efficient for the low mass filters, since
for the mats with basis mass of 2.4 (g/m²) the efficiency increases only 5% while the
pressure drop increases by 58%. This will cause around a 20% decrease in FOM.
Therefore, using the gap method is only efficient for the low mass filters.
Table 3.4: comparing the filter performance of electrospun fiber mats with the stationary
collector, with and without Gap method.
Filter Mats
C) Without Gap
D) With Gap
2
Basis Weight (g/m )
1.3
2.4
1.3
2.4
Pressure Drop at 5 cm/s (Pa)
42.2
133.1
142.4
320.6
Filtration Efficiency (%)
72.8
95.1
99.5
99.8
Figure of Merit (FOM)
0.031
0.023
0.038
0.019
Time of Electrospinning (min)
10
20
60
120
3.3.2 Ratio of Coarse to Fine Fibers:
As it was mentioned, unimodal fiber mats were made by spinning one fiber diameter
distribution while bimodal fiber mats consist of binary blend of fine and coarse electrospun
fibers. In this study, the performance of the filter mats were evaluated using the number
fraction of each components, fine and/or coarse fibers. The deposition time of the fibers
was considered in such a way that different ratios of coarse to fine fibers (Nc/Nf) were
achieved. The Nc/Nf is the total number of coarse fibers to the number of fine fibers
existing in a fiber mats, which were calculated using the mass fraction and fiber diameter
corresponding to each component. By knowing the density and the mass of each
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component, the volume can be calculated. Assuming the fiber length is the same as the
filter mat’s diameter, the volume of each fiber can be calculated using their fiber diameter.
Finally, the number of fibers in each component were calculated by dividing the volume of
the component by the volume of each fiber, which gives the number of coarse or fine
fibers.
3.3.3 Fiber spacing:
In this research, the filtration performance was studied based on the fiber spacing as well
as other traditional methods, such as filter mass and thickness. Using the electrospinning
method to produce aligned fibers makes it possible to control the fiber spacing. In
electrospinning, increasing the deposition time will produce fibers that are more packed.
Also, decreasing the speed of back and forth motion of the collector will decrease the fiber
spacing. For micrometer fibers, the number of fibers per centimeter of length of the filter
was controlled and fiber mats using a different configuration of number of fibers in the xand y-directions were fabricated. Figure 3.22 and 3.23 show the SEM images of the
micrometer aligned fibers, which used to indicate the number of aligned fibers per length
of the filter for different times and speed of the back and forth motion of the collector. The
fiber spacing is the inverse of the fiber counts per length. Table 3.5 indicate the
corresponding fiber counts per length for each fiber deposition using SEM images.
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b)

a)

100 μm

100 μm
c)

d)

100 μm

100 μm

Figure 3.22: SEM images of aligned 25% wt. Polystyrene used to characterize the fiber
count, with a-d increasing the fiber counts.

a)

b)

100 μm

100 μm

c)

d)

100 μm

100 μm
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30% Wt.
Polystyrene

25% Wt.
Polystyren
e

Figure 3.23: SEM images of aligned 30% wt. Polystyrene used to characterize the fiber
count, with a-d increasing the fiber counts.
Table 3.5: Corresponding fiber counts per length for each fiber deposition using SEM
images.
Spinning
Collector speed for
Fiber
Spinning Corresponding
Fiber Count
Time
back and forth motion
Spacing
Solution
SEM image
(Fibers/mm)
(min)
(cm/s)
(μm)
Figure 3.20, a
5
1.5
154±14
~6.5
Figure 3.20, b
10
1
225±12
~4.5
Figure 3.20, c
15
1
284±1
~3.5
Figure 3.20, d
20
0.5
341±9
~3
Figure 3.21, a
2.5
1.5
122±2
~8.2
Figure 3.21, b
7.5
1
210±17
~4.8
Figure 3.21, c
12.5
1
272±6
~3.7
Figure 3.21, d
17.5
0.5
310±8
~3.2

3.3.4 Filter mats clogging:
Filtration performance test which were explained in chapter 2 section 2.7, were carried out
all for the clean filters. The test duration was very low (maximum of 3 minutes), where
there is no concern for the effects of filter clogging or particle loading on the fibers. Figure
3.24 are the SEM pictures which were taken before and after filtration performance test.
The SEM pictures show the no or very few particles captured on the fibers.
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50.0 μm

5.00 μm

50.0 μm
2.00 μm

Figure 3.24: SEM pictures indicate very few particles capture on the fibers top) before and
bottoms) after filtration performance test.
3.4 Conclusion:
Electrospun fibers were produced with different fiber diameters and orientations using
different solution concentrations. Micrometer and nanometer fiber mats were fabricated in
a random or an aligned fashioned using Polystyrene and Nylon 4, 6. Fiber mats were
created using smooth fibers with no defects and a minimum amount of nanowebs
formation. Different morphologies were fabricated using a single fiber diameter for
unimodal and a blend of fine and coarse fibers for bimodal fiber mats. Fibers were coated
uniformly on the substrate using back and forth motion in the collector, ion charge
deposition (corona) for the rotational collector, and the gap method in the stationary
collector. The ratio of coarse to fine fibers and fiber spacing were defined for randomly
and orthogonally fashioned fiber mats.
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The filtration performance of micrometer and nanometer fiber mats with selected
morphology, coarse to fine fiber ratio, fiber spacing, and basis weight will be covered in
chapter 4. The performance will be evaluated based on the filtration efficiency, pressure
drop, and FOM. The experimental values will also be compared with the empirical and
theoretical calculations.
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CHAPTER 4 Filtration Performance Testing

4.1 Introduction:
The filtration performance of the filter mats with different morphologies were studied
based on the pressure drop and particle capture efficiency. The FOM of corresponding
filter mats were also calculated using pressure drop and particle penetrations through the
filters. The electrospun fiber mats were also evaluated based on empirical equations. The
results in this chapter are categorized into three sections. The first section is an evaluation
of the performance, based on the basis weight and fiber spacing, of filters made of
micrometer fibers. The second section is an evaluation of filter mats, made of random
nanometer fibers, in unimodal and bimodal configurations. Finally, the third section
discusses the performance of filters made of the mixture of aligned micrometer and
nanometer fibers in an orthogonal bimodal fashion.
4.2 Mats with Micrometer Fiber Size:
A series of experimental investigations were done to further examine the effects of
unimodal and bimodal micrometer fiber mats as well as the orientation (randomly
fashioned verses orthogonally layered) of the micrometer fibers on the filtration
performance. The micrometer fiber layers were produced by electrospinning, using
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Polystyrene as the polymer. Samples in various fiber orientations were produced by
controlling electrospinning parameters. SEM images of Polystyrene unimodal and bimodal
fiber mats with random and orthogonal configurations are shown in the Figure 4.1.

(a)

(b)

(c)

50.0 µm

50.0 µm

(e
)

(d)

50.0 µm

50.0 µm

(f)

50.0 µm

50.0 µm

Figure 4.1: SEM images, a) unimodal random 25% wt. Polystyrene fiber mats, b) unimodal
random 30% wt. Polystyrene fiber mats, c) bimodal random 25% wt. and 30% wt.
Polystyrene fiber mats, d) unimodal aligned 25% wt. Polystyrene fiber mats, e) unimodal
aligned 30% wt. Polystyrene fiber mats and f) bimodal aligned 25% wt. and 30% wt.
Polystyrene fiber mats.
Based on this study, orthogonally oriented fiber mats can contribute to better filtration
performance when compare to the randomly oriented fiber mats with the same basis
weight. Also having bimodal fiber mats, regardless of fiber orientation, can improve the
filtration performance. Predictions from classical filtration theories were also checked
against experimental results.
The study of filtration performance was done by also using fiber spacing. Due to
difficulties with thickness and weight measurements of the filter mats, the performance of
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the fiber mats can be evaluated using the fiber spacing. By using new technologies, such as
electrospinning, controlling fiber spacing is a new window to evaluate the filter
performance rather than using conventional method of evaluations. This study is the first
experimental study on the performance of micrometer orthogonal fiber mats based on the
fiber spacing.
4.2.1 Orthogonal and Random Fiber Mats:
A series of unimodal random and orthogonal fiber mats were made using electrospun
Polystyrene fibers (Figure 4.1 (a) and (e)). Fiber diameters and basis weights were kept the
same in order to study the effect of the fiber orientation on the filter performance. Table
4.1 is the summary of the mats’ specifications with random fibers and aligned fibers.
Figure 4.2 indicates the comparison between the random and aligned fiber mats. It was
observed that both the pressure drop and efficiency increase when increasing the basis
weights for each deposition type.
Table 4.1: Random and orthogonal fiber mat specifications.
Sample
Unimodal random
Figure 4.1 (a)
Unimodal Orthogonal
Figure 4.1 (e)

Fiber
Diameter
(µm)
2.5±0.7
2.5±0.4

Basis Weight
(g/m2)

Fiber mats
thickness (µm)

2.7
5.4
2.7
5.4

55.4±11
81.8±9.8
44.1±5.1
72.3±5.8

As it is shown in Figure 4.2, mats with aligned fibers have a pressure drop and efficiency
higher than the mats with random fibers, for both basis weights. The Table 4.1 also
indicates that arranging the fibers in aligned format will decrease the thickness compare to
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the random orientation for the same basis weight and fiber diameter. For samples with
aligned fibers, the FOM increases by almost 61% for basis weight of 2.7 g/m2 and 96% for
5.4 g/m2 compared to the random fiber samples. This is as a result of the efficiency being
significantly greater than the pressure drop for these samples. The data in this section
specifies that for a given filter of known basis weight and fiber diameter, arranging fibers
in the aligned orthogonal method, instead of the random method, will increase the
performance of filtration.

Figure 4.2: Chart comparison between aligned and random fiber mats with the same fiber
diameter a) pressure drop per unit thickness, b) efficiency and c) FOM.
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4.2.2 Unimodal and Bimodal Random Fiber Mats:
Fiber mats were made with a deposition of random electrospun polystyrene fibers (Figure
4.1 (a), (b), and (c)) with 4 different ratios of coarse to fine fibers (Nc/Nf), which were 0,
0.4, 0.8, and 1. The ratio of 0 and 1 correspond to the unimodal with only fine and only
coarse fibers, respectively. The fiber diameter ratios (Dc/Df) were arranged to be ~1.4.
Table 4.2 is the summary of the mats’ specifications with random fibers.
Table 4.2: the summary of the random fiber mat specifications.
Basis
Fiber mats
Sample
Nc/Nf
Dc/Df
Weight
thickness
2
(g/m )
(µm)
2.7
55.4±11
Unimodal random
0
―
(fine fibers)
5.4
81.8±9.8
2.7
53.4±13
Bimodal random
0.4
1.4
5.4
74.6±10.6
2.7
52.0±10.4
Bimodal random
0.8
1.4
5.4
76.4±11.7
2.7
53.4±10.7
Unimodal random
1
―
(coarse fibers)
5.4
78.8±9.8

The filter mats were tested for pressure drop and efficiency. Figures 4.3 (a) and (b) display
these values for unimodal and bimodal random fiber mats with 2.8 and 5.6 g/m² basis
weights. As was expected, the filtration efficiency decreases as the fiber diameter
increases. It is also shown that the bimodal mats of coarse and fine fibers have lower
pressure drops compared to the unimodal mats of fine fibers. When comparing bimodal
mats to unimodal mats of coarse fibers, it was shown that the larger diameter fibers
produced a lower efficiency and pressure drop. It is shown that by using the bimodal form,
the filtration efficiency will decrease while the pressure drop decreases more rapidly. This
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results in an increase in FOM. Figure 4.3 (c) shows the FOM for unimodal and bimodal
random fiber mats. In comparing the FOM of the fiber mats with the same basis weights,
bimodal fiber mats provide a higher FOM than unimodal mats. The fine fibers will
attribute to filtration efficiency while coarse fibers help decrease pressure drop. Therefore,
having a mixture of fine and coarse fibers will optimize the filtration performance in both
efficiency and pressure drop.
4.2.3 Unimodal and Bimodal Orthogonal Fiber Mats:
Fiber mats were made with a deposition of electrospun Polystyrene fibers (Figure 4.1 (d),
(e), and (f)) with 4 different ratios of coarse to fine fibers (Nc/Nf) which were the same as
the previous study, 0, 0.4, 0.8, and 1.The fiber diameter ratios (Dc/Df) were arranged to be
the same in both random and orthogonal cases, which is ~1.4. Table 4.3 is the summary of
the mats’ specifications with orthogonal fibers.
Table 4.3: the summary of the orthogonal fiber mat specifications.
Basis Weight
Fiber mats
Sample
Nc/Nf
Dc/Df
(g/m2)
thickness (µm)
2.7
44.9±3
Unimodal aligned
0
―
(fine fibers)
5.4
69.7±6.2
2.7
42.9±6.7
Bimodal aligned
0.4
1.4
5.4
69.8±5
2.7
45.2±4.6
Bimodal aligned
0.8
1.4
5.4
66.8±4.3
2.7
44.1±5.1
Unimodal aligned
1
―
(coarse fibers)
5.4
72.3±5.8

The filter mats were tested for pressure drop and efficiency. Figures 4.3 (a) and (b) display
these values for unimodal and bimodal orthogonal fiber mats with 2.8 and 5.6 g/m² basis
weights. As was expected, the filtration efficiency decreased as the fiber diameter increase.
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It is also shown that the bimodal mats of coarse and fine fibers have lower pressure drops
compared to the unimodal mats of fine fibers. Comparison to unimodal mats of coarse
fibers still showed that the larger diameter fibers produced a lower efficiency and pressure
drop. It is shown that by using the bimodal form, the filtration efficiency will decrease
while the pressure drop will decrease more rapidly. This results in an increase in FOM.
Figure 4.3 (c) shows the FOM for unimodal and bimodal orthogonal and random fiber
mats. In comparing the FOM of fiber mats with the same basis weights, bimodal fiber mats
provide a higher FOM than unimodal mats. This is the case in both random and orthogonal
configurations. It is also shown that the performance of orthogonal fiber mats, regardless
of the coarse to fine fiber ratio, is always greater than the random mats.
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Figure 4.3: Chart comparison between aligned and random fiber mats with different coarse
to fine fiber ratios to a) pressure drop per unit thickness, b) efficiency and c) FOM.

4.2.4 Comparing the experimental results with empirical correlations:
In this section, the filtration efficiency and pressure drop of these fiber mats were
compared with predictions from analytical models. The empirical correlation of Davies for
pressure drop was used. Fiber diameters for bimodal fiber mats were also calculated with
three previously stated equations (1.2), (1.3), and (1.4) to find the average fiber diameter.
Figure 4.4 shows a comparison between the experimental and theoretical model of pressure
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drop per unit thickness versus coarse to fine fiber ratios (Nc/Nf). Prediction of unimodal
equivalent fiber diameters was considered using area-weighted average diameter, volumeweighted resistivity model, and the cube root formula. The results for the small basis
weight are in relatively good agreement with theoretical calculations, whereas the
experimental values for the higher basis weight are lower than what was calculated. This
discrepancy can be explained by the effect of the spun fibers being bundled together in the
experiment. To obtain a higher basis weight, more time could be considered for
electrospinning. This will cause a higher chance for fibers to get bundled together, and will
result in bigger fiber diameters and lower pressure drops. Figure 4.5 indicate a SEM
picture of fibers that get bundle together.
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Figure 4.4: Chart comparison between the experimental and theoretical model for pressure
drop.

5.00
μm

40.0 μm
Figure 4.5: SEM images of fiber bundling.
To investigate the accuracy of experimental filtration efficiency for each filter mat, the
Pich model was considered. The filtration efficiency obtained for unimodal random and
unimodal orthogonal was compared with the computed filtration efficiency with the Pich
equation by measuring filter mat thicknesses. The results are plotted in Figure 4.6 for
different particle diameters. It shows that the values between experimental results and
calculated theoretical predictions closely match.
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Figure 4.6: Chart comparison between the experimental results and theoretical model for
filtration efficiency.
4.2.5 Fiber Spacing for Orthogonal Fiber Mats:
This section presents experimental results of filtration performance of orthogonal fiber
mats based on their fiber-to-fiber spacing. The performance of the fiber mats were
evaluated based on the fiber distribution across the orthogonal layers. Almost all of the
study on the filtration performance are based on the filter mass and thickness, there are
only a few studies on the filtration performance based on the fiber distributions. To our
knowledge, there is only a study on modeling performance of orthogonally layered fiber
mats based on fiber-to-fiber spacing [100].
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In this section, the fiber mats were characterized based on their fiber count in the x and y
directions. Using SEM images to measure the fiber count per length is more accurate and
reliable than measuring thickness and weight (refer to Chapter 3, Section 3.3.3). The
results are described in three subsections. The first subsection shows results from studying
the effect of varying the fiber counts in fiber mats with a constant fiber diameter. The
second subsection discusses results from studying the effect of differing the number of
fibers in each direction (x or y). The third subsection presents the results from the effects
of layering. In all of these experimental studies, the fiber mats were made of orthogonal
layers of aligned Polystyrene fibers with the same fiber diameter, which are considered as
unimodal orthogonal fiber mats.
4.2.5.1 Fiber Counts:
Two series of unimodal orthogonal fiber mats were made of micrometer fibers with
diameters of 1.8 µm and 2.5 µm, respectively. For each set, the fiber mats were made with
different fiber counts. Table 3.5 (in Chapter 3) indicates the corresponding fiber counts for
each fiber deposition. The fiber mats were tested based on the particle range from 300 nm
to 1 µm and above. There are 6 particle beans, as mentioned in Chapter 2 Section 2.8.2.
As it is shown in Figure 4.7, the pressure drop and filtration efficiency increases when
increasing the fiber counts. Figure 4.8 also summarized the results of FOM based on the
fiber counts. The filtration efficiency and FOM in these graphs are for particles with a bean
size of 300-400 nm.
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Figure 4.7: shows a) pressure drop and b) filtration efficiency as a function of fiber counts
for fiber mats with equal fiber counts in the x and y directions.

Figure 4.8: shows the FOM as a function of fiber counts for mats with equal fiber counts in
the x and y directions and particle size from 300 to 400 nm.
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Figure 4.9 and 4.10 indicate the particle capturing efficiency and FOM based on the fiber
counts for filter mats with fiber diameters of 1.8 µm and 2.5 µm, respectively, for different
particle bean sizes. It is shown that for fiber mats with diameters of 1.8 µm and 2.5 µm,
FOM is independent of fiber spacing for bean size of 600 -700 nm and above 700 nm,
respectively. It was first documented by Bucher et al. that for certain particle-fiber
diameter combinations the quality factor is independent of fiber count in a layer of fiber
coating. They stablish a relationship via modeling between fiber diameter and particle
diameter for which the quality factor is independent of fiber counts [100]. This
experimental study is agreement with the results of independence of the FOM with fiber
counts for a specific fiber diameter and particle diameter. This property will confirm that
the performance of the fiber mats is independent of fiber spacing for the specific particle
diameter regarding the fiber diameter of filter mats.
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Figure 4.9: filtration efficiency and FOM as a function of fiber counts for fiber diameter
1.8 µm for different particles diameter beans.
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Figure 4.10: filtration efficiency and FOM as a function of fiber counts for fiber diameter
2.5 µm for different particles diameter beans.
4.2.5.2 Fiber counts differing in the x and y directions:
The fiber mats were made and tested based on different numbers of fibers in the x and y
directions by keeping the number of fibers in the x direction (
the number of fibers in y direction (

) constant and changing

. In this case, the openings between fibers are not

square. The filtration performance of the fiber mats with different number of fibers in the x
and y directions

were tested and compared with the fiber mats performance

with the same number of fibers in the x and y directions
show SEM images of mats with

and

a)

. Figure 4.11 a and b,
, respectively.

b)

20.0 μm

20.0 μm

Figure 4.11: SEM images of fiber mats with a) different fiber count in the x and y
directions
, and b) equal fiber count in the x and y directions
.
Figure 4.12 a and b show the pressure drop and filtration efficiency for the fiber mats made
with the fiber diameter of 1.8 µm. The filtration efficiency is for the capturing of particles
with a bean size of 300-400 nm. As it is seen in the figures, the pressure drop and filtration
efficiency both decreases for the case with different fiber counts in the x and y direction.
FOM is also calculated and plotted in Figure 4.13.
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Figure 4.12: shows a) pressure drop and b) filtration efficiency as a function of fiber counts
for mats with and without equal fiber counts in the x and y directions.

Figure 4.13: shows FOM as a function of fiber counts for mats with and without equal
fiber counts in the x and y directions.
This experiment was conducted again for filter mats made of fibers 2.5 µm in diameter.
Figure 4.14 a and b show the pressure drop and filtration efficiency, respectively. FOM is
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plotted in Figure 4.15 as well. The results indicate the same trend as previously discovered.
There is no obvious trend for changing in FOM as a function of fiber counts for these
cases.

Figure 4.14: shows a) pressure drop and b) filtration efficiency as a function of fiber counts
for mats with and without equal fiber counts in the x and y directions.
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Figure 4.15: shows FOM as a function of fiber counts for mats with and without equal
fiber counts in x and y direction.
4.2.5.3 Effect of Layering:
In this section, the effect of layering on the filtration performance is experimentally
studied. Two sets were compared with each other. The first set was made of two
orthogonal layers of aligned fibers and the second set was made of four layers of aligned
fibers perpendicular to each other. The filter mats in both cases were kept at the same basis
weight and made of Polystyrene fibers with a diameter of 1.8 µm. In other words, the same
number of fibers were distributed in one pair of orthogonal layers for the first case and in
two pairs for the second case. Figure 4.16 a and b are the pressure drop and filtration
efficiency, respectively. Pressure drop and filtration efficiency increases as the fiber counts
increases in each layer. The filtration efficiency is not changing a lot by distributing the
mass in more layers. However, the pressure drop for the filter mats consisting of four
orthogonal layers is reduced a lot compared to the fiber mats with two orthogonal layers.
This results in a higher FOM for the case of using a higher number of layers. Therefore,
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the results indicate that spreading the fibers in several layers will improve the filtration
performance. Figure 4.17 indicates the FOM for both cases.

Figure 4.16: shows a) pressure drop and b) filtration efficiency as a function of fiber counts
per length for mats with one pair of layers and two pairs of layers.
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Figure 4.17: shows FOM as a function of fiber counts per length for mats with one pair of
layers and two pairs of layers.
4.3 Mats with Nanometer Fiber Size:
In this section, the aim is to study the performance of filter mats made of nanometer fibers.
The nanometer fibers were made in random and aligned configurations, explained in detail
in chapter 2 and 3. The bimodal and unimodal arrangements of random fiber mats were
produced and compared. Due to the narrow range of fiber diameters of aligned nanometer
fibers, the orthogonal nanometer fiber mats were not investigated. Therefore, this study
was limited to only making bimodal and unimodal random configurations for nanometer
fibers. By controlling the spinning time, different basis weights are achievable. Spinning
time for nanometer fiber deposition was indicated to achieve a basis weight around 2.7
(g/m²). Since Nylon fibers are too thin, higher basis weights will cause a pressure drop that
was too high to be considered valid.
A Nylon 4,6 solution in Formic Acid with 10% and 20% weight concentration were used
to electrospin nanofibers. Deposition of fibers on the substrate was done using the process
parameters as described in Chapter 2. Figure 4.18 shows SEM images of unimodal and
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bimodal random nanometer fiber mats. Filtration performance for these fiber mats were
measured. The results indicate that for nanometer fibers, having bimodal fiber mats will
improve the filtration performance. Predictions from classical filtration theories were also
checked against experimental results.

b)

a)

10.0 μm

10.0 μm

c)

3.00 μm

10.0 μm
Figure 4.18: SEM images, a) unimodal random 10% Nylon 4,6 fiber mats, b) unimodal
random 20% Nylon 4,6 fiber mats, and c) bimodal random 10% and 20% Nylon 4,6 fiber
mats.
4.3.1 Unimodal and Bimodal Random Fiber Mats:
The experimental results from unimodal and bimodal nanometer random fiber mats were
discussed based on their ratio of coarse to fine fibers (Nc/Nf). Table 4.4 is the summary of
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the mats’ specifications. The filtration performance results are charted in Figure 4.19 a and
b for pressure drop and filtration efficiency, respectively.
Table 4.4: summary of the random nanometer fiber mat specifications.
Basis Weight
Fiber mats
Sample
Nc/Nf
Dc/Df
(g/m2)
thickness (µm)
Unimodal random
―
0
2.7
93.7±4.2
(fine fibers)
Bimodal random
0.4
~2
2.7
72.5±5.3
Unimodal random
1
―
2.7
63.7±3.1
(coarse fibers)

Figure 4.19: Chart comparison of nanometer fibers between unimodal mats with fine fibers
(Nc/Nf = 0%), unimodal mats with coarse fibers (Nc/Nf = 100%), and bimodal mats (Nc/Nf
= 40%) for a) efficiency, b) pressure drop.
As it shows in the previous Figures, the filtration efficiency for unimodal mats with fine
fibers is slightly higher than bimodal mats with the same basis weight. Also, for the same
basis weight, pressure drop is lower for bimodal filter mats compared to the unimodal mats
with fine fibers, regardless of their fiber diameter. The FOM was calculated based on the
equation given in Chapter 1. Figure 4.20 shows the results for FOM. It is shown that FOM
for bimodal is higher than unimodal filter mats with fine fibers with the same basis weight.
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Figure 4.20: Chart comparison of nanometer fibers between unimodal mats with fine fibers
(Nc/Nf = 0%), bimodal mats (Nc/Nf = 40%), and unimodal mats with coarse fibers (Nc/Nf =
100%), for FOM.
4.3.2 Comparing the experimental results with empirical correlations:
In this section, filtration performance of the unimodal and bimodal random nanometer
fiber mats were compared with the theoretical values. The pressure drop values were
obtained from Davies’ equation, and filter collection efficiency was calculated from semiempirical correlations of Liu and Rubow. These equations are explained in Chapter 1.
The calculations for pressure drop and efficiency for bimodal fiber mats were done in two
different ways. The first way is to consider the mats as a blend of fine and coarse fibers,
and then use the average fiber diameter of fine and coarse fibers. The average fiber
diameter was found by using the cube root equation of Tafreshi, which is explained in
Chapter 1. The second way is to consider the fiber layers as separate (5 layers total) and
then solve the theoretical equations for individual layers in pressure drop and efficiency.
The layer values were added for calculation of the pressure drop and multiplied to
determine efficiency. The thickness and weight of each layer was approximately
determined by knowing the mass fraction of fine to coarse fibers, and the total weight and
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thickness of the fiber mats, which are summarized in table 4.4. For unimodal fiber mats,
the second method was also used, however both way of calculations will give the same
numbers.
The results for pressure drop and filtration efficiency for calculated and experimental
values are compared in Figure 4.21 a and b, respectively.

Figure 4.21: Chart comparison between the experimental results and theoretical model for
a) pressure drop, and b) filtration efficiency.
4.4 Mats with Micrometer and Nanometer Fiber Size:
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This section discusses the filtration performance of the unimodal orthogonal micrometer
filter mats with the addition of nanometer layers. The results of adding layers of aligned
nanometer fibers to the orthogonal mats indicate improvement in the filtration efficiency.
The effects were studied based on the ratio of coarse to fine fibers (Nc/Nf).
4.4.1 Bimodal Orthogonal Fiber Mats:
Bimodal orthogonal fiber mats were prepared by layering electrospun Polystyrene and
Nylon 4,6 fibers, each layer with a different fiber diameter, in an orthogonal alignment.
25% wt. Polystyrene and 15% wt. Nylon 4,6 solution concentrations were used to produce
coarse and fine fibers, respectively. Therefore, the ratio of coarse to fine fiber diameter
(Dc/Df) is 16 (1.8 μm/0.11 μm). Figure 4.22 shows SEM images of bimodal orthogonal
mats made of layering micrometer and nanometer fiber mats. All of the mats were made of
5 layers of alternating fine and coarse fibers, starting with the fine layers.

5.00 μm

20.0 μm
Figure 4.22: SEM image of bimodal orthogonal fiber mats with micrometer 25% Wt.
Polystyrene fibers and nanometer 15% Wt. Nylon 4,6 fibers.
4.4.2 Unimodal and Bimodal Orthogonal Fiber Mats:
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The electrospinning times were chosen in such a way to have two different basis weights,
2.7 g/m² and 5.4 g/m². Meanwhile, by controlling the basis weights, the ratios of the
coarse to fine fibers (Nc/Nf) were kept at 0, 0.006, 0.015, 0.05, 0.15, 0.3, and 1, where 0
indicates mats with only fine orthogonal fibers and 1 indicates mats with only coarse
orthogonal fibers. Due to the big difference in fiber diameter of coarse and fine fibers
(Dc/Df ~16), the values between 0.3 and 1 for Nc/Nf were impossible to obtain
experimentally. Table 4.5 indicates the summary of mats specifications. In this table, the
values for Nc/Nf are expressed as percentages (%). Average fiber diameters were also
calculated using the cube root equation of Tafreshi which is explained in Chapter 1.
Table 4.5: summary of the bimodal nanometer and micrometer orthogonal fiber mat
specifications.
Basis
Nc/Nf
Fiber mats
Average fiber
Sample Description
Weight
(%)
thickness (µm) diameter a (nm)
(g/m2)
0
58±2
110
0.6
65±5
309
1.5
52±2
400
2.7
5
50±2
586
Bimodal Orthogonal Fibers
15
53±3
870
30
54±5
1090
Coarse fiber diameter: 1.8
100
45±3
1800
μm Fine fiber diameter:
0
118±11
110
0.11 μm
0.6
93±8
309
1.5
80±5
400
5.4
5
79±6
586
15
84±2
870
30
95±6
1090
100
70±6
1800
a
Average fiber diameter were calculated using the cube root of Tafreshi.
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Furthermore, the filtration performance was tested as described in Chapter 2. The
performance of the filters were tested with a face velocity of ~5 cm/s. Figure 4.23 a and b
indicate the pressure drop and filtration efficiency of these fiber mats, respectively. FOM
also was calculated for these fiber mats and the results are shown in Figure 4.23 c.
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Figure 4.23: Chart comparison of a) pressure drop, b) filtration efficiency, and c) FOM for
5-layerd bimodal orthogonal filter mats consisting of nanometer and micrometer aligned
fibers with two basis weights, 2.7 and 5.4 g/m2.

123

Figure 4.23 a and b indicate that by increasing the number of coarse fibers to the bimodal
orthogonal fiber mats, the pressure drop and filtration efficiency will both decrease. This
is the result of adding fibers with a larger diameter, which was expected as well. Also, by
considering the basis weights, mats with higher basis weights will results in higher
pressure drop and filtration efficiency. Figure 4.23 c compares the quality factor of the
mats, which indicates that for both basis weights, the bimodal filter mats have better
performance compared to the unimodal case of only fine fibers or only coarse fibers. The
fiber mats with Nc/Nf equal to 5, 15, and 30% will result in an FOM greater than 0.01,
which indicates filtration improvement.
In this study, for mats with a basis weight of 2.7 g/m2, the FOM reaches its highest value,
0.0135 by adding 5% coarse fibers. This is almost an increase of 200% FOM compared to
the unimodal fine fiber mats (Nc/Nf = 0%) and an increase of 50% FOM compared to the
unimodal coarse fiber mats (Nc/Nf = 100%). Whereas for mats with a basis weight of 5.4
g/m2, adding 30% coarse fibers will results in the highest FOM value, 0.0224. This is
almost an increase of 470% FOM compare to the unimodal fine fiber mats (Nc/Nf = 0%)
and an increase of 100% FOM compare to the unimodal coarse fiber mats (Nc/Nf = 100%).
4.4.3 Comparing the experimental results with empirical correlations:
The outcome of the filtration performance experiment of the bimodal orthogonal fiber mats
(Dc/Df ~16) are compared with the results from empirical equations. The pressure drop
values were obtained from the Davies equation (1.36). The filter collection efficiency
values were calculated using equation (1.35), where the semi-empirical correlations of Liu
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and Rubow were used for validation. The calculations for pressure drop and filtration
efficiency for bimodal fiber mats were done in two different ways, which is explained in
Section 4.3.2. Due to the high coarse to fine fiber ratio (Dc/Df ~16), the average fiber
diameter that was calculated for the bimodal mats are not a good assumption for high fiber
diameter ratios. Since in the actual experiment the spinning of nanometer and micrometer
fibers were done layer by layer, therefore it is more realistic to deal with them as a layered
structure rather than as a blend of fine and coarse fibers. Also, the experimental values are
match more with the theory that uses the layering of fibers. Therefore, the thickness and
weight of each layer was approximately determined by knowing the mass fraction of fine
to coarse fibers, and the total weight and thickness of the fiber mats. For unimodal fiber
mats the second method was also used, however both ways of calculation will give the
same numbers.
Figure 4.24 and 4.25 show a comparison between the experimental results and the
calculated values from empirical equations for basis weights of 2.7 g/m2 and 5.4 g/m2,
respectively.
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Figure 4.24: Plots showing the comparison between experimental and calculated a)
pressure drop and b) filtration efficiency, with respect to Nc/Nf for bimodal orthogonal
nanometer and micrometer fiber mats having 2.7 g/m2 as the basis weight.
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Figure 4.25: Plots showing the comparison between experimental and calculated a)
pressure drop and b) filtration efficiency, with respect to Nc/Nf for bimodal orthogonal
nanometer and micrometer fiber mats having 5.4 g/m2 as the basis weight.
As shown above in Figure 4.24 a and Figure 4.25 a, the results for pressure drop indicate
that the experimental values are higher than the calculated ones. Due to the experimental
errors, such as non-uniformity of filter mats, it was expected to get lower values from
experiments compare to the calculated values. But in this case, the experimental values are
greater than the calculated ones, and this can be caused by the presence of the nanowebs.
As it was mentioned in Chapter 3 Section 3.2.4, nanowebs will form during the production
of aligned nanometer fibers using the gap method, and this might be the reason why the
experimental values are higher than the calculated ones. Also, high values for filtration
efficiency from experiments compare to the theoretical values gives further evidence to the
formation of nanowebs in the structure. These nanowebs are not accounted for in the
theoretical calculations, and exact number of nanowebs needs to be known in order to
include them. Further research needs to be conducted to determine the best way to account
for nanowebs in current theoretical calculations.
4.4.4 Effect of Layering:
This section is the second facet of experimental study on the bimodal orthogonal fiber mats
with Dc/Df ~16. In addition to seeing how the filtration performance changes with the ratio
of coarse to fine fibers, there are also the effects of the number of layers on the filter
performance. In this section, four different sets were made using 1, 2, 3, and 4 pairs of
layers. Each pair of layers consisted of a micrometer fiber layer and a nanometer fiber
layer, which were placed orthogonally. The mats were made so that they started with a
127

micrometer layer and ended with a nanometer layer. The basis weight were the same for all
of the sets and measured 1.3 g/m2. In other words, the same number of fibers were
distributed in different layers and the effect of layering on the performance was evaluated.
The Nc/Nf was kept at 1.2%. The figure below (Figure 4.26) shows pressure drop,
filtration efficiency, and FOM based on the number of pairs of layers. The results indicated
that by increasing the number of layers, the filtration efficiency and pressure drop
decreased, but the reduction in pressure drop was much quicker, which resulted in
increasing FOM.
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Figure 4.26: plot showing the effect of layering for a) pressure drop, b) filtration
efficiency, and c) FOM for orthogonal bimodal fibers (dc/df=16).
4.5 Conclusion:
The performance of electrospun fiber based filters with different morphologies, bimodal vs
unimodal and random vs orthogonal configurations, were studied. It was found that the
orthogonal micrometer fiber mats will have higher FOM compare to the random
micrometer fiber mats, with the same fiber diameter. It is shown that regardless of fiber
orientation (random or orthogonal), the filtration performance is improved by having
129

bimodal fiber mats compared to the unimodal fiber mats. This study was done based on the
ratio of coarse to fine fibers.
A performance comparison of bimodal fiber mats and unimodal fiber mats was also
investigated using nanometer fibers. It is reported that FOM will increases by 125% with
having bimodal random fiber mats (Nc/Nf =40%) compared to the unimodal random fiber
mats (Nc/Nf =0%). Furthermore, the performance of filter mats composed of nanometer
and micrometer fibers in an orthogonal fashion was studied. It is shown that in bimodal
fiber mats, increasing the number of coarse fibers caused decreases in the pressure drop
and filtration efficiency. The rate of decrease is higher for pressure drop, which will result
in higher values for FOM. The effect of layering was also studied for orthogonal bimodal
fibers (dc/df=16).
Also presented is an experimental study on the performance of orthogonally layered
micrometer fibers based on fiber spacing. The performance of the filters were optimized by
studying the effect of changing fiber-to-fiber spacing for two different fiber diameter. It is
shown that for a specific fiber diameter and particle size, the FOM is independent of fiber
counts per layer. Moreover, the effect of spreading the fibers with an increasing number of
layers was studied for orthogonal unimodal micrometer fibers.
Finally, from this study, due to the higher performance of layers composed of orthogonal
bimodal arranged mats, they can be considered for use in future HEPA filters. Also, the
orthogonally layered fiber mats can be a good candidate for application to commercial
filters to improve their filtration performance.
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CHAPTER 5 Overall Research Observations
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This dissertation is designed to revise the performance of the fibrous filters based on their
microstructure. While analytical and modeling studies are available for unimodal and
bimodal random fiber configuration, there are few studies on unimodal and bimodal
orthogonal fiber configurations. Also, there is need for experimental studies to confirm and
support these models and calculations.
Different morphologies, including bimodal and unimodal with random and orthogonal
fiber orientations, were made using different fiber sizes. Electrospinning was used as the
main method to produce fibers while controlling their orientations. There are some studies
on making aligned fibers using different electrospinning setups. However, only a few of
these studies are applicable to collecting aligned fibers in a way to completely coat mats
for various applications. Different polymers with different electrospinning parameters and
setups were used to successfully make unimodal and bimodal random and orthogonal
fashioned fiber media.
After making a filter with a known microstructure, the weight, thickness, pressure drop,
efficiency and FOM were measured. The theoretical calculation for each sample was used
to confirm the experimental observation. The results were explained for micrometer and/or
nanometer fiber mats.
For micrometer fibers, the random and orthogonal fiber mats were made and tested using
one fiber size, or unimodal fibers. The results indicate that for random and orthogonal fiber
mats with the same fiber diameter and basis weight, the orthogonal orientation will
increase the filtration performance. Also, the performance of unimodal mats were
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compared with bimodal mats based on the ratio of coarse to fine fibers. The results indicate
that using a mixture of fine and coarse fibers will improve the performance by decreasing
the pressure drop faster than decreasing filtration efficiency. This study was also conducted
to understand the fibrous mats’ performance based on the fiber spacing.
The nanometer fibers were examined to better understand their influence on the
performance of fibrous media. Our results indicate that bimodal random fiber mats with a
0.4 ratio of coarse to fine fibers has better performance compare to the unimodal random
fiber mats with only fine fibers. Adding some number of coarse fibers will improve the
performance through a significant reduction in the pressure drop and very small reduction
in filtration efficiency.
As mentioned, no experimental studies have yet been done to evaluate the performance of
bimodal orthogonal fiber mats. In this study, the bimodal orthogonal fiber mats were made
of micrometer and nanometer aligned fibers as the coarse and fine fibers, respectively. The
fibers were placed layer by layer orthogonally on top of each other. Different ratios of
coarse to fine fibers were made and tested. The results indicate that bimodal fiber mats,
with ratios of coarse to fine fibers of 0.15 and 0.3, have high FOM, and can thereby be
used in existing commercial filters.
Comparing unimodal orthogonal fiber mats, having only fine or only coarse fibers, with
bimodal orthogonal fiber mats, having a mix of fine and coarse fibers, indicate the
advantage of adding coarse to fine fibers, as this decreases the pressure drop at a faster rate
than it decreases the filtration efficiency, which results in higher FOM.
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More interestingly, the existence of nanowebs in producing aligned nanometer fibers can
attribute to higher particle collection efficiency. This research study encountered and then
investigated the physics behind the formation of nanowebs during electrospinning.
However, further investigation is needed for a more complete understanding.
In addition to comparing the mats microstructure, the uniformity of filters made with
electrospun fibers was also tested. Analyses showed that using negative ions to discharge
the samples during the electrospinning process and using two conductive strips to collect
the fibers will enhance filter uniformity. In this study, these two methods were used
independently to eliminate the effects of non-uniformity of the electrospun fibrous mats.
Finally, the effect of layering for the orthogonal bimodal samples and unimodal orthogonal
micrometer fibrous mats was tested. The results indicate that samples with more layers will
give higher FOM in comparison to those with a lower number of layers.
This research provides facts about the performance of unimodal and bimodal filters in
random and orthogonal fiber configurations, which can be used as evidence for their
potential use in commercial filters. Further research can be done based on this work to
explore and confirm these filters’ viability as up-stream, down-stream, in between, and/or
mechanical support components of commercial filters.
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